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PREFACE

This report covers research and development activitics during the period
April 1, 1990 until March 31, 1991 at the accelerator facilities of JAER],

Tokai : the 20UR tandem accelerator, the 2 MeV V.d.G. accelerator and
the 200 MeV electron linear accelerator.

During this period, the tandem accelerator, the main facility of the three,
has been operated over 4,700 hours and has supplied stable beams to
experiments in the fields of : (1) Solid State Physics and Radiation Effects
in Materials, (2) Atomic Physics, (3) Nuclear Chemistry, (4) Nuclear
Physics and (5) Neutron Physics. Fifty three experimental programs have
been carried out in collaboration with universities and industries; more
than sixty individuals outside JAERI have worked with about sixty
members of JAERI staff.

The supetconducting-booster has continued to be constructed on schedule.
Twelve superconducting cavities have reached the stage of electrochemical
polishing and RF-power test. A new building for the tandem booster has
been under construction and will be completed in December 1991.
Installation of the tandem booster and helium refrigerators will start in
January 1992, aiming at generating first beams in early 1993.

A seminar on application of accelerators to atomic and condensed matter
physics was held on January 22-23, 1991 at JAERI, Tokai. Participants
over fifty took part in it and discussed experimental results and related
topics, some of which are presented in this report. The details of the
seminar will be published in JAERI-M Report. Also the second workshop
for instrumentation for the tandem-booster was held on February 28 -
March 1, 1991 at JAERI, Tokai. Forty three participants, including
twenty five from universities, talked about future experimental programs
and instruments required for them. The activities of the workshop have
been published in JAERI-M 91-115.

T Sakid

Mitsuhiko Ishii
Deputy Director
Department of Physics
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1.1 TANDEM ACCELERATOR OPERATION

Tandem Accelerator Group

Department of physics, JAERI

Accelerator operation

The scheduled operation for experiments was performed through
the past one year containing three short periods for the scheduled
maintenance.

The accelerator has run smoo@hly and almost all of the
experimental programs were performed. The following are summary of
the operation from April 1,1990 to March 31,1991. The accelerator

running time was 4774.8 hours.

1) Time distribution by terminal voltage

>17 MV 0 days 0.0 % | 11-12 MV 0 days 0.0 %
16-17 63 31.3 : 10-11 6 3.0
15-16 67 33.3 | 9-10 9 4.5
14-15 20 10.0 \ 8~ 9 2 1.0
13-14 17 8.5 ; < 8 0 0.0
12-13 17 8.5 :
2} Time distribution by preojectile
H 18 days 9.0 % : S 11 days 5.5 %
D 18 9.0 : Cl 12 6.0
Li 3 1.5 | Fe 3 1.5
B 5 2.5 | Ni 34 17.0
C 8 4.0 { Cu 2 £ 0
0 35 17 .4 | Ge 11 5.5
F 15 7.5 : Br 2 1.0
Si 14 7.0 : Ag 3 1.5
P 1 0.5 ; ] 5 _ 2.5
) Time distribution by activity
Operation for research 201 davs
Atomic and seolid state physics { 35 days )
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Radiation effects in materials { 14 )
Nuclear chemistry { 33 }
Nuclear physics { 73 )
Fast neutron physics ( 29 )
Radiation chemistry { 7 )
Detector development ( 4 }
Accelerator development (. 6 )
Voltage conditioning 22
Operation training 4
Scheduled maintenance (2 tank openings) 78
Unexpected repair ‘(1 tank opening ) 7
Holidays and wvacation 53

Troubles that interrupted the experimental schedule

1) Failure in the terminal electronics components due to
full sparking {1 tank opening needed),

2} Instability of the GVM rotation due to the bearings
break,

3) Failure in the negative ion injector.

Improvement and development

New control computer system that utilizes parallel processing
method is under development. The old system will be renewed with
the new system soon. The construction of the tandem booster is
well unpder way as has been scheduled. Those two items will be

reported later paragraph.



JAERI-M 91-170

1.2 SUPERCONDUCTING BOOSTER

Booster Project Group

Department of Physiecs, JAERI

1, Introduction

The project of our superconducting tandem-booster was progressive
in the fiscal year of 1990 also. Four of ten linac units of the booster
with their controel circuits have been manufactured and the rest six
units have been in the works. The construction of the building has
started. Orders for a refrigérating system and a sub-bunching unit
composed of 260 MHz superconducting resonators have been placed with

Mitsubishi Electric Corp.

Beam tests have been performed with existing two units, a buncher

and a de-buncher, to examine a beam acceleration in combination with

beam bunch phase detection.

Resonator performances were examined with four of the sixteen

regonateors of the four linac units,

2. Beam tests

We did beam acceleration tests using two units of buncher and

de-buncher and a beam bunch phase detector. We used a resonator of the
buncher for beam bunching and a rescnator of the de-bunching unit for
acceleration. They were separated 2.7 m apart. At 1.4 m downstream of
the latter one, a normal conducting copper guarter wave resonator as a
beam bunch phase detector was situated and followed by a scattering
chamber with a Au target foil and a soild state particle detector for
detection of energy and time spectra.

The tests were useful to find some difficulties in the units and to
yield improvements to them and the construction of the linac.

From this experiment, we confirmed that the normal conducting
quarter wave resonator is applicable to the beam bunch diagnostic system
in the linac with enough sensitivities in amplitude and phase. TIn our
plan, three beam bunch phase detectors will be installed in the limac.

Two sets of energy and time measurement system composed of Au foils and
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solid state particle detectors will be also placed at the entrance and

the exit of the linac.

3. Booster linac system

The former four of the ten linac units were delivered to JAERI in
the beginning of 1991 after two years long fabrication at Mitsubishi
Electric Corp. Figure 1 shows one of the units opened out., Two booster
control modules, each of which can operate 8 resonators and two
cryostats, were also delivered from Applied Superconductivity Inc. in
March 1991. ]

During the fabrication, preliminery resonator performance tests
were performed with four resonators first fabricated. One of them had
an accelerating field higher than 10 MV/m. Another ome, however, had
resonator Q as low as 1 x 108. The surface of jts outer conductor was
found to be covered with tiny white dirty-looking spots. In order to
remgve the spots, we;had no other way than to mechanically polish the
whole outer conductor surface and finish with electropolishing. The
resonator Q was eventually improved to the level that we could satisfy.
From various investigations, we judged that the problem was attributed
to the final electropolishing in JAERI rather than to the fabrication
pfocesses in the industry. As a rtesult, all the four resonators had
levels higher than the acceptable performance of 5 MV/m with an rf input
of 4 watts. _

Resonator surface treatment and assembling work with the four linac
units have started in March 1991. Four three-person assembling groups
were organized and every one was assigned to a unit.

The fabrication of the rest six linac units are in progress in the
industry without any serious problem. It is proceeding faster than
originally expected.

Three out of nine guadrupole doublet lenses needed in the linac

were fabricated this year. The rest six will be manufactured in the

next year.

4, Bunching system
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An addition of a 260 MHz sub-buncher to the 130 MHz main buncher
will increase the bunching efficiency or beam intensity 3 or 4 fold.
The design of 260 MHz superconducting quarter wave resonators was
confirmed with a full-size copper model. The optimum beam velocity for
the resonators is 0.lc as just the same as for the 130 MHz resonators.
The sub-buncher will be compesed of two of them and a cryostat. Order

has been given so far.

5, Refrigerating system

We drew up the order specification according to the conclusion of
design work dome before. After a long contract negociation, the order
was given to Mitsubishi Electric Corp. at nearly the end of this fiscal
year. Cold boxes of Suylzer's Model TCF-530 will take part in the system.
The components of the system will be fabricated in a year and the

installation will start in early 1992 in the booster building.

6. Booster building

The full design was completed and the construction started in
October 1990. After the building area was excavated, a concrete bottom
was established in March 1991. Figure 2 shows a view of construction at
that time, The building construction will be completed by the end of
1991, It will be ready to bring in and install the refrigerating system
and the booster units at the very beginning of 1992.

One of the tandem target rooms, 'Heavey Ton Target Room No.l", is to
be a part of accelerator room of the booster. During the construction

of the building and the booster, one can not use the room as a target

room.

7. Others and future plans

The beam line components are to be prepared in the later part of
the booster constructicn period because of budget consideration. Only
an analyzing magnet as cne of the biggest components is to be built in
‘the next fiscal year.

With respect to the central control system for the booster, a new

system for the tandem accelerator will take care of it also. The new
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system is under development, introducing a new computer technology of
paralel]l processing among multi-prdcessors.

After the installation of the refrigerating system and the bocster
units, the whole system must be inspected as a qualified refrigerator
unit by the administrative office of refrigerators by the end of the
former half of the fiscal year of 1992. It will take nearly one year to
accomplish further work; resonator treatments and assembling of the
booster units, installation of beam line components and a run of

individual and overall tests.

8. Staff of the project

The members who contributed to the work in the fiscal year of 1990

were as follows: C. Kobayashi, S. Takeuchi, T. Ishii, H. Ikezoe, B. Min,
T. Yoshida, K. Ohkoshi, Y. Sugiyama, 5. Kanazawa, M. Watanabe, 5.
Kikuchi, Y. Tomita, Y. Satoh, S§. Hanashima, K. Horie, S. Kanda, Y.
Tsukihashi, S. Abe, S. Tajima, S. Ichikawa, M. Ohshima and K. Ideno.
One should notice that an engineering work section(Koszku-ka} has been

in cooperation for the fabrication of the booster units.
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Fig. 1. A booster linac unit
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1.3  STATUS OF JAERI-LINAC

Katsuo MASHIKO, Tokio SHOJI, Nobuhiro ISHIZAKI,
Hidekazu TAYAMA and Hideaki YOKOMIZO*®

Departments of Physics, JAERI,

*Office of Synchrotron Radiation Facility Project

Abstract

The JAERI 120 MeV electron linear accelerator (linac) was stably operated
for the experimental researches with the 415.1 hour beam time from April,
1990 to the first week of August, 1990. The linac was, then, stopped due to
the construction hork for the extension of the linac building during the
pericd from the third week of August to the end of March in 1991.

puring this period, the linac group made variéus maintenance wofks for
the electron gun, thg accelerating structures, the beam transport system,
the microwave pulse vamplifier and the overhaul for all the electronic
circuits. The linac is now being restored to the original performance by
the middle of April, 1881.

The Office of Synchrotron Radiation Facility Frojects (Spring-8 Office)
has planned to expand the old linac building for the accelerator R&D works
which will be carried out by the Accelerator Systems Development Group {Acc-
elerator group). The construction of the steel-frame 706.34 m® building has
been completed in March 10, 1991. The members of Accelerator group moved in
the linac building by the end of March.

The office furnishings, experimentél apparatuses, equipments and radio-
active waste materials (about &5 ton) left in fhe old linac building were

either disposed or moved.

1 .0peration

The linac was stably operated for 415.1 hours with a repetition rate of
less than 150 pps during the 1990 fiscal year from April, 1880 to the first
week of August,. 1890. A summary of the linac operating conditions is shown
iﬁ Takle 1 for each experimental program.

The linac was stopped for the building construction from the third week

of August to the end of March in 1991 due to the radiation safety reason.
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Research Program Time Ratio Energy Rate Length Curreﬁt
: (h) % | (MeV) . (pps) {ns)  {uA)

Neutron Radiography 104.9 25.3 120 150 25 12

{Time of Flight Method)

Slow Positron Experiment 54.0 13.0 100 50 1000 10

(Fmission of monoenergetic Positron)

First Positron Experiment 75.0 18.1 ~10ﬁ ~25 1000 10

JSR Injection 147. 4 35.5 ~150 0.5~1 1000 <1

Tuning and Test Operation ) 33.8 8.1 100~180 50~150 160D ~30

Total 415.1  100.0

Table 1 Machine Time and_Output Beam for Research Program in 1990

note (a) Interval of the linac operation ~ : April 1,1890 ~ August, 1990
(b) Interval of the linac shut down + August 6, 1990 ~ March 31, 1591
{c) Meutron Cross Section discontinued : April, 1990 ~

2.Maintenance

The scheduled overhaul cf the linac was carried out during the building
construction period (hugust 6, 1990 to March 31, 18891).

Main items for the overhaul are the following:
{1)Electron gun

The new {(home-made) electren gun system with the ceramics guide tube and
the new type of cathode (EIMAC Y-798} was installed. The cathode pulse
transformer (home-msde), a load resistor and the 800 1 insulation 2il in the
tank were replaced and the average current circuit was repaired.

(2)YAccelerating structure system

The beam transport systems connecting each accelerator structure were
reassembled and realigned with new twelve quadrupole magnets. The folleowing
replacements in the various parts were made: vacuum elements for seven of
the ion getter pumps, three of the RF windows for the wave guides, two of
the 10 1/min ion getter pumps for the #4 and #5 waveguides.

The misalignment in the linac was found in the horizontal direction of
maximum 2.5 mm and in the vertical direction of 1.5 mm. The major reasons
for this misalignment were thought to be :{1}) the lcoseness of bocits due to
the thermal expansion and shrinking cycle caused by the large temperature
change (5° - 45°C), (2) the shift of the positien due to oscillation by
earthquake, (3} setting errors for the individually replaced accelerator
structures. The setting accuracy after the present alignment is estimated

to be £ 0.1 mm.
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(3} Beam transport system

The beam transport tubes for three directions, which are called as Tg
{center (neutron) target), T, (energy-analysis target) and Tr{right target),
were disassembled and realigned with new five guadrupole magnets in the Tg
and the magnetic steering coils for T and Ts. The bpending magnet for the
neutron target, T, the neutron target assembly and its cooling water pump
were also replaced.

{4) Microwave pulse oscil}ator amplifier

The driver circuit of microwave pulse oscillator was sent to the manufac-
turing company and was repaired. The PFN circuit (home-made) of the cathode
pulse for the Booster klystron was replaced and its RF output pulse shape
was readjusted. The first stage RF phase shifters both for the buncher
klystron and the #1 klystron were replaced with the new rotary type phase
shifters. .

3. Expansion for the linac building

The SPring-8 Office made the expansion of the building in order tec
prepare the spaces for fhe R&D works and performance tests for various parts
of Synchrotrons Radiation Facility. The layout of the expanded building is
shown in Fig. 1 which is located in the south of the c¢ld linac building.

The expanded building is constructed in the steel-frame structure with
the whole area of 708.34 m?. It has the experimental room #2 {(the target
room) of the area of 472.4 m® and the height of 11.8 m. The crane in the
old linac building can also cover the newly constructed area. The maximum
floor load is the same as the old part to be 10 ton/m?. The 4 m wide X 3.8
m high large shutter is installed for bringing in large size apparatuses.

One unit of the pure water supply for cooling is prepared with the
capacity of 234,000.kcal, 780 1/min. The electric power supply is three
units of 100 kVA of 3 ¢ , 200 V system. The experimental area #1 consists

of spaces of five spans.

4. Disposal of radicactive waste materials and the rearrangement cof the

office spaces.

The changes of the office arrangement and rearrangement of experimental
equipments were made due to the expansion of the building and the change of
the .working staffs. Thirty three 200 1 drum cans of radiocactive waste
materials {about 5 ton}. thirty two carton boxes of incombustible materials
and fifty five carton boxes of combustible wastes produced in the old linac

building were disposed with the necessary formal procedures.



JAERI-M 91-17¢C

in the

The staffs of Accelerator Group of SPring-8 Office have moved

The Linac Group members of Accelera-

18981,

linac building before March 31,

Department of Physics and the linac experimenters are also
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I SOLID STATE PHYSICS AND RADIATION
EFFECTS IN MATERIALS
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2.1 Evaluation of Dispersion of Heavy lon Particles

Yoshihide KOMAKI, Niro ISHIKAWA, Tsutomu SAKURAI, Shigenmi
FURUNO, Hitoshi OHTSU, Katsutoshi FURUKAWA, Shinichi

OEND, Toshihito HIRUTA %, Koji TANUMA %, Masao FUKASAWAx%,
Kazuhiko IZUI##%, and Tetsuo TSUKAMOTO®%x

Department of Chemistry, #*Department of Engineering Services
JAERI, *¥Nagasaki University, *#x0RIGIN ELECTRIC Co.,Ltd.

Introduction
Heavy ion irradiation technoiogy has been developed not only in the

study of physical characteristics of damaged materials, but alse in the
creation of new materials by use of irradiation damage. fon injection on
the imorganic and the organic materials or functional polymeric membranes
and heavy ion lithography are the typical examples. For these purvoses
it is important to evaluate the degree of dispersion of ion beams and the
exact quantity of incident ions on the specimens,

The authors have studied the preparation of polymeric filters through
the heavy ion irradiation followed by chemical etching'’-2’. The number
of holes in the membrane corresponds to that of the incident ion particles,
the diameter of hole depending on the kinds of fons and the etching behavi-
or. The uniformity of dispersion of ions and the control of the number of
incident particles are important for preparation of the filters

In general two methods are used for irradiating with ions over the wide
area of the target. One is scanning ion beam over the fixed specimen and
the other is driving the specimen across the fixed ion beam. Prior to the
preparation of an apparatus for the latter method, the authors tried 1o
evaluate the degree of dispersion and the uniformity of distribution of
incident ion particls by measuring the defocused ion beanm with the help
of many micro Faraday cups (FC)set widely over the irradiation area and

analysing the beam currents computationally.

Experimental apparatus

The apparatus consists of a detection system for the electric current
produced by heavy ions, an linearly up and down driving system for the

irradiation line, an image processing system for the measured ion current
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and an electric remote control system as shown in Fig. 2. The detection
system consists of assembly of 12 pieces of micro Faraday cups set in a
ceramics (Makor)block, which has the same area as the irradiation area of 235
mm in diameter. In front of the multi FC, a suppressor made of stainless
steel with 12 holes is placed to avoid scattering of secondary electrons,
as shown in Fig. 1. Each cup of the multi FC system is connected to 12
preamplifiers respectively, and detects independently ion beam current.

[n order to detect very small ion beam current without any noise, the
preamplifiers are set rigidly with the multi FC system and a bundle of
cable wires from the multi FCs to the preamplifiers is fixed in resin. The
system consisting of the multi FC§ and the preamplifiers moves linearly
into the ion beam line by the distance of 40 mm in a bellows, when ion cur-
rent is measured, and moves out of the ion beam line during irradiation ex-
periments. This system has two measurement ranges of 10°''A and 1074 of
micro FC for the purpose of the measurement of very small ion beam current
By these devices, even faint current of the order of 10°"'A was success-
fully detected without any noise.. As shown in Fig. 2 the system was op-
erated at the distance of about 100 m between the target room and the con-
trol room. The amount of the currents induced by ion beam is displayed as

numerical voltages and figurized in color after computational processing.
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Results of operation test

Prior to the irradiation of the membrane(sheets of 13 mm in diameter
fixed on the support 25 mm in diameter), the examples of distribution of the
defocused ion beam were observed on Multi FC., as are shown in Figs. 3 and
4. The figures were displayed originally in color and at the same time
gave the output voltages, percent and background voltages{BG). As BG
values usually were negligible, each voltage gave the sum of voltage due to
ion beam and that due to_secondary electron emissicn. One could get

information about the distribution of ions from the figures, though it is

not the absolute value of voltage induced by ions. Figure 2 shows the
exanple of uneven distribution of ion beam. Figure 4 shows the satis-
factory distribution of ion beam as a whole. lon beam with an extremely

ununiform distribution can be corrected by monitoring the change in color
or value of voltage on CRT. Table 1 shows the comparison between the
currents on multi FC and on the neighboring FC at Tandem accelerator.

The current from multi FC showed roughly the same as the current from FC at

Tandem accelerator.

References
1) Y.Komaki, N.ishikawa, T.Sakurai, N.Morishita and M. Iwasaki : Nucl.

Instrum and Methods, B34(1988)332
2) Y.Komaki, Y.Matsumoto, N.Ilshikawa and T.Sakurai : POLYMER COMMUNICATIONS

30(1989)43

Table 1 Comparison of currents observed by multi FC and FC at beam line

] C ¥/cup A=YV/R B=Axf1xf:2
No| x10°%, s lon., Day mean , R=10°t! x10°° B/C
1 3.0 10 N i 1/9 0.95 xi0” ! 4.30 1.4
21 21 7 Ag | 12/12 3. 94 x10™ ' 17.8 0.9
3| 20 5 Ag 1 12/4 3.79 x10°'Y |0 17,2 0.9
41 8.3 10 Ag 1/24 2.15 x10° ! 9. 173 1.5
51 6.51 10 Ni 3/1 1.88 xlD;" 8.51 1.3
f1 : ratio of the area of A to total area, £1.8

fz : 12 (Cups)
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2.2 INCIDENT ANGLE DEPENDENCE OF RESIDUAL DEFECT IN
SILICON SURFACE BARRIER DETECTOR

Tkuo KANNO, Hiroshi IKEZOE!, Tsutomu OHTSUKT?,
Shu A. HAYASHI*, Satoshi KANAZAWA™ and Itsuro KIMURA™"

Department of Reactor Engineering, JAERI, 'Department of Physics,
JAERI, *Tohoku University, *Institute for Atomic Energy, Rikkyo

University, **Kyoto University

In the pulse height defect of a silicon surface barrier detector (SSB), the residual
defect, which is the defect other than the window defect and the nuclear stopping
defect, has been a theme of studies. The residual defect was recognized as the result
of recombinations of electrons and holes which consisted the plasma column created
by an incident charged particle. In many studies, the number of recombinations was
estimated using some parameters such as recombination life time, however, none of
them were very successfuil)'z),especia]ly, in explaining the dependences of the residual
defect on the bias voltage and the resisiivity of SSB.

Recently, one of the authors reported that the residual defect was derived theo-
retically from the dielectric property of the plasma column.?) The residual defect was
calculated using the length of the plasma column which was created by an incident
charged particle and the depletion layer thickness of an SSB which was employed for
measurements.. This model contained one parameter, called screening factor, which
represented the degree of dielectricity of the plasma column, and was determined by
an experiment.

The incident angle dependence of the residual defect is another theme of interest.
Some experimental works reported the incident argle dependence of the pulse height
defect®)'®), however, the results were confusing due to the mixture of the window defect,
the nuclear stopping defect and the residual defect. The residual defect should be
studied on the incident angle dependence, because we can calculate the window defect
and the nuclear stopping defect.

Experiments were performed at the Tandem Accelerator Facility of Japan Atomic
Energy Research Institute (JAERI). Nickel-58 ions with incident energies of 101.7MeV
and 133.9MeV and 27 ion of 129.8MeV were detected by SSBs with the resistivities
of 3620cm, 1500Qcm and 2100Qcm. The incident angle, #, was changed as normal to

the incident surface, 30, 45 and 60 degrees from the normal line for the 58Ni ion of
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133.9MeV, whereas, measurements were carxied out only for normal incidence in the
cases of the %8 Nj jon of 101.7MeV and the *"Iion of 129.8MeV. The pulse heights were
measured with changing bias voltage.

Measured energies, E..,., are shown in Fig.1 by symbols, for 58N;j ions of 101.7MeV
and 133.9MeV with normal incidence and for the ?"Tion of 129.8MeV. The full widths
at half maximum of the energy spectxa are shown by the bars. In Fig.2, F.qp. of the
58Ni jons of 133.9MeV with incident angles of 0, 30, 45 and 60 degrees are plotied. The
summary of the results of Figs. 1 and 2 are shown in Table 1. From these experiments,
we conclude (1) the experimental results taken by the S5B of 3620cm, which has high
electric field strength, are excellently reproduced by the model of dielectric plasma
column, (2) in the case of non-zero angle incidence, the length and the electron-hole
density of the plasma column are regarded as the projected length and the projected
electron-hole density, (3) the screening factor, which represents the rate of plasma
column scieening electrons and holes, is almost proportional to the electron-hole density.
The experimental results taken by the 55Bs of 15009cm and 2100Qem, which have
lower electric field strengths, are smaller than expected from the model of dielectric
plasma column. We think this results are cansed by the effect due fo lower electric field

strength, such as recombinations and irappings.
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Table 1 Quantities for the calculation of dieleciric effect of plasma column created

by heavy ions. 6: incident angle, Ay: window loss, A,: nuclear stopping loss, Eqg:

energy spent to produce electron-hole pairs, I - cos8: projected plasma column length,

Ey/Pcosf:approximate electron-hole density of plasma column, f: screening factor.

Fnergy 8 Ay,
Pariicle (MeV) (deg) (MeV) (MeV) (

A,

Ey [+ cosf EqyfPeost f
MeV)  (pm) (10"°MeV/em?)

Ni-58 1017 0 04 0.9 1004  17.1 2.00 0.23
133.9 0 0.5 0.9 132.5 21.1 1.41 0.16
30 0.6 0.9 132.4 183 1.63 0.17
45 0.7 0.5 132.3 149 1.99 0.22
60 1.0 - 0.8 132.0 10.6 2.82 0.31
1-127 128.8 0 0.8 3.4 125.6 17.0 2.57 0.25
140 ¥ T T T T . . - -
Byt 1395 Mey Fig.l Measured energies of heavy 1ons
130 _ :_::.‘:1_:::;'_—‘—_:""1—:-:;:;2_;;};;\,—_ in the case of normal incidence. Mea-
. N e el o - —
120 MH—FF’*"’}__ﬁ } } ] | surements were carried out with 3562
3 * Qcm (o), 1500 Qem () and 2100 Qem
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2.3 IRRADIATION EFFECTS ON IONIC CONDUCTIVITY OF PURE AND
AL-DOPED LITHIUM ORTHOSILICATE

Kenji NODA, Yoshinobu ISHII, Tetsuya NAKAZAWA,
Hisayuki MATSUI*, Mikio HORIKI*, Manabu HOSHINO*,
Naomi OBATA*, and Hitoshi Watanabe*

Department of Fuels and Materials Research, JAERI, *Facultiy

of Engineering, Nagoya University

1. Introduction _
Lithium orthosilicate (Li4Si04) is a candidate of tritium breeders

for D-T fusion reactors. Al-doped Li4SiOs4 (Lisz.7Alo.15i04) was recently
developed to improve the tritium release performance of Li4Si04 at low

temperaturesl). In this material, the tritium diffusivity is considered
to be increased by introduction of lithium-ion vacancies due to doped Al.

A large number of;irradiation defects will be introduced in the
lithium ceramics as tritium breeders during.operation of fusion reactors.
Tﬁese defects not only will induce swelling and cracking but also will af-
fect transport phenomena such as tritium diffusion.

Ionic conductivity of lithium ceramics is controlled by lattice
defects including irradiation defects, solute atoms and impurities. The
conductivity reflects the lithium diffusicn-and is also considered to be
closely related to tritium diffusion?). From this standpoint, in-situ
measurements of icnic conductivity of Li20 have been carried out to
evaluate irradiation effects on the tritium migration behavior?.4).

In the present study, ionic conductivity of Li145i04 and
1.isz.7Al10.15i04 under and after irradiation and thermal recovery behaviecr
of the conductivity were investigated to obtain information on the radia-

tion damage and irradiation effects on the tritium diffusion.

2. Experimental
The Li4Si0Os4 and Lia.7Alc.18i04 sintered pellets were fabricated by

pressing the powder at hydrostatic pressufe of 1.6X102 MPa and heating
them at 1353 K for 5 h in air. Thin disk specimens of the pellets (8 to 9
mm in diameter, about 0.4 mm in thickness) were irradiated at the

prescribed temperatures with 120 MeV oxygen and 60 MeV lithium ions using
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a tandem accelerator at JAERI. Ionic conductivity of the specimens was

measured under and after irradiation with the two terminal AC method using

a HP 4194 A impedance analyzer.

3. Results and discussion
The ionic conductivity of Li4SiO4 and Lis.7Alo.1S104 in non-

irradiated condition was measured in the temperature range 373 K to 613 K.
The conductivity of Lis.7Ale.1SiOs is higher than that of Li4Si0O4 in this
temperature range by abbut two orders of‘magnitude.

Fig. 1 shows the conductivity of Li4SiO4 in the post-irradiation con-
dition as a function of the fluence in the temperature range 413 K to 613
K for 120 MeV oxygen-ion irradiafion. The conductivity increased with the
fluence in the examined temperature range. In fig. 2, the conductivity of
Lis.7Alo.18i04 in the post-irradiation condition is shown versus the
fluence in the temperature range 373 K to 503 K for 120 MeV oxygen-ion ir-
radiation. The conductivity in the temperature range 373 K to 413 K in-
creased with the fluehce, while the fluence dependence was hardly observed
in the temperature range 443 K to 503 K. Similar irradiation effects on
the conductivity in the post-irradiation condition were observed for
LisSi0¢ and Lis.7Alo.1Si04 irradiated with 60 MeV 1ithium ions.

The recovery behavior of conductivity for Li4SiO4 and Lis.7Alc.15i04
was examined by isochronal annealing experiments. The increase of conduc-
tivity of Li4Si04 due to the irradiation was not recovered even at the an-
nealing temperature of 675 K.

Fig. 3 shows the recovery behavior of conductivity at 373 K for
Lis.7Alo.1Si04 irradiated to 3.79X101¢% ions.m-2 with 120 MeV oxygen ions
as a function of the annealing temperature. The increase of conductivity
due to the irradiation was recovered in the annealing temperature range
373 K to 473 K. This recovery is considered to lead to the conductivity
of Lis.7Alc.158i04 in the post-irradiation condition which was unchanged
with the fluence in the temperature range 443 K to 503 K as well as high
values of the conductivity above 443 K in comparison with the increase of
conductivity due to the irradiation.

On the assumption that the tritium diffusivity in Li4S104 and
Liz.7A10.18iC4 is closely related to the ionic conductivity, the irradia-
tion effects on the tritium diffusivity are considered to be as follows.

The tritium diffusivity in Li48i0s4 in the post-irradiation condition in-
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creases with the fluence in the temperature range 413 K to 673 XK. On the
other hand, the tritium diffusivity in Lis.7Al0.18i04 in the post-
irradiation condition increases with the fluence in the temperature range
373 K to 413 K, while it hardly changes with the fluence in the tempera-
ture range 443 K to 503 K.

The tritium diffusivity in Lis.7Alo.15i0s in the post-irradiation
condition is considered to be higher than that in Li45i04, since the con-
ductivity of Lis.7Alo.1Si04 in the post-irradiation condition is higher
than that of Li4«Si04. Actually, the advantage of Lis.7Alo.15i04 in the
tritium release performance in the post-irradiation condition for LisSi04
was shown in the study of Vollath et alll.

The conductivity of both Li4SiC4 and Lis.7Alo.18104 under irradiation
was higher than that before and after irradiation, and it increased with
the ion flux. The ratios between the increments of conductivity under -ir-
radiation AT for LisSi0Os or Lia.7Alo.15i04 at various temperatures and the
conductivity in the post-irradiation condition (” are shown as 2 function
of the ion flux for IZOJMeV oxygen-ion irradiation in fig. 4. The values
of conductivity for Lis.7Alo.18i04 under irradiation were higher than
those for Li4Si04 at the same irradiation flux and temperature levels by
about two orders of magnitude. From these results, it Is considered on
the assumption that the tritium diffusivity in LisSi04 and Liz.7Alo.:18104
is closely related to the ionic conductivity, that there is a possibility
of enhancement of the tritium diffusion in Li4SiO4 and Lis.7Alo.:5i04 un-
der irradiation and that the tritium diffusivity in Lis.7Alo.185104 under

irradiation is higher than that for Lis4S5iOs4.
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2.4 IRRADIATION BEHAVIOR OF TRITIUM-BREEDING CERAMICS

Hisayuki MATSUI, Mikio HORIKI, Manabu HOSHIND,
Kenji NODA%, Yoshinobu ISHII*, and Hitoshi WATANABEX
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%Division of Material Development, JAERI

Introduction
Development of tritium breeding blanket is one of the most important

subjects in fusion technology (D-T fusion). In a half decade, several kinds

of ceramics containing Li have been investigated. Among a variety of the Li
ceramics, lithium orthosilicate (Li«SiG«) is considered to be a desirable
candidate for the breeding material and R/D on that material have been con-
tinuing mainly in europe. In order to improve tritium release performance,
an advanced breeding material was fabricated by doping of Al to the above
ceramics (Liz.7Ale.1S8i0«). A replacing of Li (wonovalent) by Al (divalent)
causes an introduction of Li vacancy. Thus, we can expect an enhancement of
the diffusion of Li atoms which is closely related to tritiue diffusioen.

In the present study (the fysical year, 1990), we investigated effects
of irradiation-induced defects on the electrical conductivity of the above
ceramics. In-situ conductivity measurements were done under irradiations by
highly energetic self-ions (e.g.,120 HeV 07* and 60 MeV Li®* ions) at vari-
ous temperatures. The aim of the study was to obtain knowledge of irradia-
tion damage on those materials, from which we could evaluate the change of
transport phenomena concerning to Li atoms, and, thus, tritium diffusion as
well. The information concerning to induced defect structure will allow us

a fruitful discussior on the mechanism of matter transport.

Experiments
Pure and Al-doped lithium orthosilicates (hereafter, we denote “pure”

as LiaSiDs and "Al-doped” as Lis.7Ale.:S5i0.) were synthesized in powder
form by the wethanol process developed by Vollath et al'’. After pressing
the powder at hydrostatic pressure of 1.6 x 102 MPa, sintered pellets were
obtained by heating at 1353 K for 5 h in air. The pellet was cut out into
thin disk (8 wn in diameter and about 6.4 wn in thickness).

The thin plates were irradiated with 120 MeV oxygen and 60 MeV lithiuwm



JAERI-M 91-170

ions using a tandem accelerator at JAERI. Measurement of jonic conductivity
were done at various temperatures. In addition to post-irradiation measu-
rements, in-situ measurements were also performed at various temperatures.
The measurements of conductivity (converted from the electric resistance)
were carried out by the two-terminal ac method, employing the HP4194A Inpe-
dance Analyzer. A full automatic data collection system was used and 2 set
of data of the resistance were compiled in a microcomputer. Details of the

experimental procedures were reported before.

Results and Discussion
1. Ionic Conductivity of "Pure” and "Al-doped” Specimens
Ionic conductivity (o) of "pure” and "Al-doped” lithium orthosilicates

are illustrated in Fig. 1, in a relation between o T and the inverse of the
absolute temperature, 1/T. The conductivity of the "pure” specimen is two
order higher than that of Li20 (single crystal)?’. The "Al-doped” one shows

much higher conductivity than the

“pure” by two order of magnitude

. 1054 2 1 x100_°C

in the temperature between 373 and 10! At I

L *\\ \ Liy jAlp 510,
‘\-

for both specimens are in a fairly \X\

B13 K. The measured conductivity

good agreement with those for the 10 VY -
Li20-Al203-5i0, system in a study ] { \\
by Jackowska et al®’. The slope of
the Arrehnius plot, which implies
the activation energy of diffusion
for Li, is small in the "Al-doped” k \
ones, indicating a high mobility 1078 \ \ —
of Li. Thus the temperature depend- |

o T, (K

ences of the ionic conductivity of

both specimens are reasonable. 103k —

2. Irradiation Effect
The change of the conductivity 10

are shown in Fig. 2 and 3 {for the 3
] Y] > _ l/T) XlO K
‘pure” and "Al-doped” LisSi0., Tes-

pectively. The measurement was done Fig. 1 Tonic Conductivity of

in the "Post-Irradiation Condition”. "pure” and "Al-doped” Li«Si0s
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In Fig. 2 ("pure” specimen irradiated

As a summary, fractional change (c A/oc: %,

of 4 x 16'® OD-ions/m?) of the ionic conductivity are listed

both specimens by 120 HeV 07 ien irradiation at various temperatures.

by 120 HeV oxygen), - the conductivity “Oﬁthaoq — O[ﬁ:;ﬁMaﬁdg;“'
increased clearly with ion fluence in - ;,//’/,,l L
temperature region examined. In Fig. g 413K gl-493K g[563K jmsx
3 (”Al-doped”), however, the fluence : N ET///i-
dependence was hardly found, especia- = ol 6L 6L
1ly at above 443 K. A similar effect = !
was observed when 60 MeY Li-ions were c i
bombarded to those ceramics. It seems < frar
that the "Al-doped” 1is resistive to i -
the ion bombardment. It is reasonably %{ J— ﬂ—
considered that structural vacancies Og - | aa - g
introduced by Al-doping may play some ton Fluence {10 ions- m2)
roles to annihilate the irradiation-
induced defects. Fig. 2 Change of o in Li«Si04
Ly ALy 5104 0 lon({120MeY] Irrod.
txld“lwmxmﬂ 473K (107 503K (x10%) | 373K
8.0¢ BOF B.OI 80F 8.0
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=
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S
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Fig. 3 Change of conductivity in Lis.v Ale. 15104

normalized at a fluence
in Table 1 for
The

tahle clearly indicates that the increase of conductivity, thus irradiation

damage, is much less in the "Al-doped” than the “pure” specimen. It is also
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clear that both ceramics reveal high Table 1 Induced conductivity (Ac/o: £)

. . N at various temperatures.
irradiation damage at low temperature.
120 MeV Oxygen Irradiation

As the increase of ionic conductivity (Normalized at 4x101810n/m2)

suggests an enhancement of wmebility
: Temperature Li4SiO4 Lia 7A10 :LS:i.O,;l

of Li in this case, Li-vacancies are (XK 7 °C)
effectively induced by irradiation at 373 / 100 -- 2.2
b i 4 413 / 140 55.5 0.8
low temperature. Those induced vaca- 443 7 170 . -
ncies might annihilate at about 450 K, 473 / 200 - 0.9
493 / 220 7.4 -

ich was a lower temperature of t

whi Love P he 503 / 230 - 1.2
annihilation of F* center in Li.04?, 553 / 280 13.8 -
613 / 340 14.5 —

It was of interest that ionic conductivity of both ceramics was very
high during the irradiation, as had been found in Li.0°' both by 120 MeV-O
and 60 MeV-Li ions bombardments. 1In the present stage, an idea of an irra-
diation-enhanced phenomenon was most plausible. Because the L1 mobility is
closely related to the conductivity in lithium ceramics (e.g., Liz0), an
enhanced diffusion of:Li assisted by excess vacancies plays a major role to
the increase of the conductivity. In the irradiation by such a high energy
particle, an excitation of electrons and/or holes is also expected. There~
fore, more careful experiment and its precise interpretation will be needed
for a fully understanding of the effects of radiation damage on the diffu-
sion of Li, and, thus, the diffusion wechanism of tritium.
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2.5  ELECTRICAL AND STRUCTURAL PROPERTIES OF
Li-ION TRRADIATED g-LiAl

Kazuo KURIYAMA, Naoyuki MINEO, Hiromi TAKXAHASHI,
Yukio KAZUMATA", and Hiroyuki SUGAI**

College of Engineering and Research Center of Ion Beam
Technology, Hosei University, “Department of Physics,
JAERI, **Department of Radioisotopes, JAERI

LiAl alloy is an useful material for solid-blanket of nuclear fusion.1) Electri-
cal conductivity of f-LiAl below room temperature has been reported.2“4) The
important feature of the conduction mechanism for 3-LiAl is governed by pos-
itive carriers(holes)f’aﬁ) in the valence band. The electrical conducfivity based
on these holes is affected considerably by the defect structure?) in g-LiAl(about
48-56at.%Li). The defect structure at room temperature consists of two types of
defect: vacancies in the lithjium sublattice (Vy,;}, and lithium antistructure atoms
in the aluminum sublattice (Lia]). The purposes of the present work are (i) to
measure electrical resistivity of 4-LiAl before and after Li-ion irradiation and (ii)
to survey the modification of Li vacancies in Li-ion irradiated f-LiAl.

Samples were prepared by a resistance furnace melting of 99.9% lithium
and 99.999% aluminum. The details of sample preparation have been previ-
ously descri_bed.g}g) A typical X-ray diffraction pattern of §-LiAl before irradi-
ation shows in Fig.1. Jon irradiations were perforimed by a tandem accelerator at
JAERI. 60MeV-TLi3+ ion was used in this study. Samples were irradiated with
Li-ions in a range 1.3 x 1015 - 4.0 x 1015 /em? at 140 K.

The electrical resistivity measurement was made using Van der Pauw
technique.lo) In order to evaluate the depth profiles of electrical properties, a few
pm were renoved from the irradiated side of the samples for each measurement.
The variation of sheet resistance(ARg) in depth{d) was estimated by

ARg(d)=Rg(irra.) - Rg{unhra.),
where, Rg(irra.) and Rg(unirra.) are a sheet resistance after and before irra-
diation, respectively. Since this is destructive method, the specimeuns, cut {from
same batch used for irradiation, were used for the resistance measurements in

each depth before irradiation. Figure 2 shows typical depth profiles of sheet

resistance(Rg(unirra.)) before irradiation. This indicates that the values mea-
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sured are constant in depth within experimental error. Therefore, Rg(unirrad.)
values were calculated from p/w, where p is the resistivity of the unirradiated
sample and w is the sample thickness after polishing.

In the present experiment, the metallic precipitations were not observed in
the as-irradiated surface and the polished surface, while the precipitations were
obhserved in our previous work11l}. This plhencimenon may arise from the alu-
minum segregation in starting materials. Figure 3 shows typical depth profiles
of ARg after irradiation with 60MeV- 7Li3T ion of 1.5 x 101%em 2 together with
the calculated range (0.56mm) of Li-ions at 60 MeV for #-LiAl. The depth profile
of ARg has a maximum just belind the range of Li-ions. This indicates that the
radiation damage extends over the range of Li-ions. The Li-ion irradiation is likely
to influence the electrical properties, accompanied by the radiation damage. How-
ever, there is a problem for obtaining the reproducible data, which will arise from
the accuracy of electrical measurements. In order to verify the relations between
the damage due to Li-ion irradiation and the depth profile of ARg, irradiation

experiments with different kinds of Li-ion energy and other ions are required.
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2.6 ION BEAM ANALYSTS OF TON-IRRADIATED NICKEL

Tohru MITAMURA, Mititaks TERASAWA, Hajime IWASAKI, Kelji
KOTERASAWA, Kiyoshi KAWATSURA-, Masao SATAKA"",

Makoto IMAI--, Hiroshi MAETA" ",

Akivoshi CHAYAHARA--, Mamoru SATOU"",

Himeji Institute of Technology, “Kyoto Imstitute of
Technology, °-Japan Atomic Energy Research Institute,

---Government Industrial Research Institute, Osaka

Rutherford backscattering (RBS) and particle induced X-ray emmision
(PIXE) measurements were carried out for nickel single crystal specimens
to which phosphorous atoms have been implanted. It was found that subse-
quent irradiation of Ni'®* ions to this P implanted nickel specimen en-
hanced segregations of the phosphorous atoms. In this radiation induced
segregation (RIS) process, it seemed that parts of the phosphrous atoms
locate at a definite interstitial site, probably, being combined with

displaced nickel atoms tc form a Ni-P mixed dumhbell.

Introduction
Flucidation of mechanisms of radiation dameges in nuclear reactor

materials is important in order to evaluate operation life of nuclear
fission reactors and also to develop materials for nuclear fusion reac-
tors. The radiation effect in austenitic stainless steels, which are one
of the main nuclear reactor materials, has been studied previously by
the authors'’. In the present study, nickel singie crystal, which has
the same crystal structure as austenitic atainless steel, i.e. fecc, was
analysed. MNickel disk specimens (10 mm in diameter and 1.5 mm thick)
were cut out from a single crystal rod so as to have the surface perpen-
dicular to the<110> crystal axis. The surface of the disks were treated
by mechanical polishing following electrolytic polishing. Concentration
ofimpurity elements in the nickel single crystal metal is tabulated in
table 1. Two specimens were prepared as follows;

Specimen A) Phoshphorous ions P* were implanted as an iwpurity element
into a single crystal nickel disk. Implanted area is 5 mm in diameter.

The energies of the P icons, which were 50,75 and 150 keV were selected
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Table.!l Composition of impurity elements in single crystal HNi

Element: Al {a Cu Fe Hg Si Ag C
ppm : <1 1 <1 10 <] 1 <1 40

so that the ions distribute homogeriously in the region from the surface
to about 1000 A depth. From calculation of a computer code TRIN85, total
amount of the P* ion fluence is 5.0 x 10'® P/cm? which corresponds to
about 0.37 atomic % in the implanted region and the avarage radiation
damages induced is about 7 dpa. .

Specimen B) 140 MeV Ni*?* ions sccelerated by the TANDEM accelerator
of JAERI were irradiated to a specimen, which was also prepared by the
same manner as the specimen A, to give homogenious radiation damages all
over the range where the phosphorous ions were implanted. Total fuluence
of the Ni'®* ions were 5.0 x 10'% Ni/cm?® and the ion range in the nickel
metal was about 9 um from the surface. Displacement damage of about 3.7
dpa were homogeniously given to the phosphorous implanted region in the
specimen, also calculated by the TRIM85 computer code,

Using channeling technique, measurements of RBS and also PIXE measure-
ments were performed to evaluate the radiation damages and to investi-
gate the lattice location of P. 1.8 MeV He* ion beams accelerated by a
Van de Graaff accelerator of Government Industrial Research Institute,
Osaka, were used as an analyzing beam. A surface barrier type solid
state detector were set for detecting backscattered He* ions at an angle
of 185 degree to the incident He* ion beam and a Si(Li) detector for in-

duced X-ray detection at an angle of 135 degree.
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Fig.1 Normalized RBS yields Fig.2 Normalized X-ray vields

obtained from the specimen A. cbtained from the specimen 4.
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Result and Discussion
Fig.1l shows the normalized RBS He* ion yields obtained from the speci-

men A, The solid dip-curve corresponds to the vield obtained from the
unimplanted portior, and the dashed curve to the P* implanted portion.
The minimum vield x nin(unimp)=0.09 and double half-angle 2% ;.. (unimp)
=1.2° for the uninmplanted portion. On the other hand, X a:in(P)=0.43 and
2w .,2(P) =1.2° for the P* ion implanted portion. A xwmia(cal) estimated
from an equation proposed by Lindhard2’ is 0.023 for the fcc nickel
metal. From this valuve, a ratio of the concentration of disorder atoms,
Np, to the one of bulk, N, in atoms per cubic centimeter is

No/N=(x winluninp)~x s:nlcal))/l-xnialcal)=0.069.
This would be a tentative criteria for degree of crystalization of the
unimplanted specimen. Substituting the X ain(unimp) and x.i,(cal} to
Xwin(P) and xa;.{unimp), respectively, disorder concentraticn induced
by P* ion implantation is obtained as 0.37, indi- cating about 40 % of
atoms were displaced by P*icn implantation. In fig.2Z, examples of
angular distribution of the nermalized X-ray yields obtained from the
PIXE measurements are shown. The minimum yields of P K, Ni Ka and Ni L
X-rays are 0.85, 0.63 and 0.74, respectively. Theminimum yields of Ni K«
X-ray from the unimplanted portion, not shown in the figure, was 0.206.
Using this value, a ratio of the concentrationof disorder atoms to the
one of bulk was calculated as 0.50. Although this value is a little
iarger than the value 0.47 which was obtained from the RBS measurements,
agreement is rather good. Fig.3 shows comparisons of X-ray spectira
obtained from the specimen A (fig.3a) and the specimen B (fig.3b). The
upper spectra in the both figures correspond to randem spectra where He*
ion beams were incident to the specimens from random direction. The
lower spectra correspond to aligned spectra where He* ion beéms.were
incident along the <110> crystal axis. In the case of the specimen B,
there appear two X-ray peaks corresponding to Si-X and S-K X-rays. These
two peak intensities were held constant as a function of tilt angle of
the specimen to the incident beam, hence theymight be surface contami-
nation brought during WNi'®* irradiation. As shown in fig.3, intensity
of the P K X-ray peak is almost the same as that of the Ni L X-ray in
the spectra of the specimen 4, which were onlyimplanted with P* ions.
Fowever, decrease in P-K X-ray intensity is seen in the specira of
the specimen B, which was implanted with P* ions following 140 HeV
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Nit?* ion irradiations. Peak inten-
sity ratios, (P-K)/(Ni-K), in the
random spectra of the specimen A and
the specimen B are 0.19 and ©.09,
respectively. P atom concentration
reduces by half in the Ni'®* jon ir-
radiated specimen B. It may be sug-
gested that this ratio decrease is a
consequence of RIS of P atoms in-
duced by Ni'®* ion irradiations. In
the aligned spectra, these peak
intensity ratios are 0.29 and 0.22
for the specimen A and 2, respective
Iy. Decrease in P K X-ray intensity
in the aligned spectra is also shown
but it is less than that in the ran-
dom spectra. This fact means that
some of the P atoms locate at the
interstitial site in the fcc lattice
structure of nickel initially, and
the P atoms tend to concentrate to
the interstitial site during irradi-
ation. P atoms may locate at the

octahedral site of the fcc lattice
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Fig.3 X-ray spectra obtained

from {a) the specimen A, {b) the
specimen B. In both figures, the
upper and lower specira cores-

pond to random and aligned spec-

tra, respectively.

structure or the site forming a dumbbell structue which is a combination

of a P atom and a displaced Ni atom.

not be assigrned from the results of

The exact position of P atoms can

the present experiments. However,

the relatively larger X-ray vield of P atoms in the <110> aligned spec-

trum may reflect the lattiee position of P atoms in the RIS process.
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2.7 CASCADE STRUCTURE IN ION-IRRADIATED COPPER AND GERMANIUM
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Introduction

When crystals are irradiated with fast neutrons. the kinetic energy of
neutrons is transferred to primary knock-on atoms (PKAJ. PKA are ions
consisting of constituent elements and have wide variety of Kinetic energy
(E.). The high energy PKA produce “cascades" in which high concentration

D
of point defects are localized. Therefore, in order to understand

the radiation damage process of neutron irradiated materials, it is
indispensable to get information about the structure of cascades and their
kinetic behavior as a function of E . High energy ions also deposit £y in
accordance with the depth from the incident surface and
produce corresponding cascades. The first objective of the present work is
to establish a sectioning method for preparing TEM specimens which provide
direct observation of cascades as a function of the depth of target
materials. The second objective is to get knowledge of the structure of

cascades through TEM observation.

Experimental
In this work. Cu and Ge were used as specimens, because they show

clear contrasts corresponding to clusters through TEM observation.

(1) Bulk specimens of 99.998% Cu ( 2 x 2 x 20 mm } were prepared and one
surface of the each specimen was subjected to 100 MeV 17+ irradiation to
fiuences of 8.3 X 1017 and 5.3 x 1019 ions/m? at room temperature using the
TANDEM accelerator at JAERI. Irradiated specimens were electroplated with
Cu until their diameter became about 8 mm, and then, they were cut into
disks using an acid cutter, The final thinning was made by
electropolishing, and TEM observation was perfomed using JEM-200B5 in HVEM
Laboratory. Kyushu University.

(?)Parallelopiped specimens of Ge (1 x 1.5 x 5 mm) were cut out of bulk
material. One surface of each specimen was polished using abrasive papers
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and finally done using paste of 0.25 um diamond powders. The polished
specimens were glued to an aluminum holder for irradiation using Aron
Ceramics. The polished surface of each specimen was irradiated with 80 MeV
si?* jons at a flux of 1 X 1014 ions/m?s to a fluence of 3 x 1018 jons/m2at
ambient temperature using the TANDEM accelérator at Department of Physics,
Kyushu University. After irradiation, the specimens were taken off the
holder, and Aron Ceramics was scraped off the specimens. The irradiated
surface was glued to a surface of an unirradiated specimen using an
adhesive. The glued specimen was sealed into a Ni tube of 3 mm of diameter
with Aron Ceramics. Discs of 300 um thick were cut out of the tube. The
disc was thinned using a dimpler. and the boundary between the irradiated
and unirradiated surfaces near the center of the disc was thinned to
electron transparency by  chemical polishing using an  aqueous
solution of HNOs, HF and CHsCOOH!). TEM observation was carried out using

JEM-200BS at the HVEM Laboratory.

Results and Discussion

Weak-beam electron micrographs were taken along the direction of ion
beam for irradiated specimens and show up tiny defect clusters (~ 5 nm).
The volume density of defect clusters was measured, and it is shown Iin
Fig. 1 as a function of the distance from the incident surface for a
specimen frradiated to a low fluence of 3.4 X 1017 ions/m. The density of
defect clusters increases with the increasing depth and reaches the maximum
value at about 6.5 um from the surface. The depth profiles of damage were
calculated for 100 MeV [ irradiation through the TRIM code with B0 and
90 keV for the threshold energy of sub-cascades, and they are also shown
in Fig.1. The calculated value through the TRIM code with about 80 keV for
the threshold energy shows fairly good coincidence with experimental
values. Fig.? i5 the same as Fig.1, but for a specimen irradiated to a
higher fluence of 2.4 x 10 9%0ns/m 2 In contrast to Fig.1, the density of
defect clusters for a high fluence hardly shows the dependence on the
depth from the surface. The result is attributed to  the overlapping

of defect clusters because of a too large fluence.
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dt = 8.3x1017 ions/m?
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Fig. 1. The depth dependence of the volume density of defect clusters in
Cu irradigted with 8.3 x 1017 100-Mev 17'/m?. Solid lines (1) and
(2) are calculated through the TRIM code with 80 and 90 keV faor

the threshold:-energy of sub-cascades, respectively.
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Fig. 2. Same as in Fig. !, but for Cu irradiated with 5.3 X 1013

100-Mev 17¢/m?.

Weak-beam electron micrographs of irradiated Ge specimens were also

taken along the direction of ion beam. Tiny defect clusters (3 ~ 4 nm)

were observed and the size of the clusters did not vary with the distance

from the incident surface. The volume density of defect clusters is shown
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in Flg. 3 as a function of the distance from the incident surface

with the depth profiles of damage calculated for 80 MeV Si9+ irradiation

through the TRIM code with 0.1. 5 and 50 keV for the threshold energy of
sub-cascades. The density of defect clusters increases with increasing
distance and shows the maximum value at ~ 20 wum. The calculated value
through the TRIM code with 50 keV for the threshold energy shows fairly
good coincidence with experimental values.

&t = 3.0 x 1018ions/m?

10~ (1) Ed = 50keV
(2) Ed = 5keV
$ - (3)Ed=0.1keV

(x 10?2/ m3)

Volume Density of Defect Clusters
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Fig. 3. Same as in Fig. 1, but for Ge irradiated with J x 1018 80-mev
Si8+/m2. Solid lines are calculated through the TRIM code
with 0.1, 5 and 50 keV for the threshold energy of sub-

cascades.

Conclusion

Sectioning methods for preparing Cu and Ge TEM specimens, which are
free from additional stress and contamination, are established and applied
to the depth profile of the density of defect clusters. The depth profile
is reproduced by the TRIM code with 80 ~ 100 keV for the threshold energy

of subcascades of Cu and 50 keV for that of Ge.
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2.8 X-RAY DIFFRACTION ON CARBON ION-IRRADIATED DIAMOND (1)

Hiroshi MAETA, Katsuji HARUNAT, Kazutosi OHASHI™,
Takuro KOIKE® AND Fumihisa ONO™

Department of Physics, JAERI, ¥ Faculty of Engineering,
Tamagawa University, “"College of Liberal Arts and

Sciences, Okayama University

1. Introduction

Diamond based semiconductor devices may furn cut to be of great techno-
logical importance due to the cutstanding physical properties, such as
high thermal conductivity, good thermal and chemical stability . . lon
implantation is a primé candidate technique for doping, but the issues of
annealing radiation damage, avoiding graphitizaticn, and driving implanted
species into sybstitution sites have not been completely resolved.

In order to resolve this process, the damage due to self-implantation
with 100 MeV C dions was studied by means of x-ray diffraction measurements
of lattice parameters and diffraction profiles. We reported in previous
paperT) a increase of the lattice parameters and a remarkable increase of
integrated intensities of x-ray diffraction profiles on a synthetic
diamond single crystal after the don-irradiatiens. In this work, we have
report radiation effects of  the diamond irradiated by 100 MeV carbon ion

and 3 MeV electron so as to make the defects in diamond clear.

2. Experimental Procedures

The synthetic diamond single crystals used in this experiment were
surchased of Sumitomo Denko Co.Ltd. The specimens were a type IIa crystals
which are colored yellow and contain 1-10 ppm of nitrogen. The crystal
size was 3.5 x 3.5x 0.3 mm3 with the surfaces parallel to the (100) crys-
tallographic plane. The specimens were irradiated with 100 MeV C*® jon up
to the fluences of 3.5 x1075 1’ons/cm2 at about liquid nitrogen temperature
using TANDEM Accelerator. After the irradiation, the specimens were warmed
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up to room temperature. The specimens were also irradiated at 60 C with 3
MeV electrons to a total dose of 1 x 1013 e/cmz.

Measurements of lattice parameters have been made at room temperature
by ﬁsing the X-ray Bond method in which two counters were placed symmetri-
cally. To attain the highest observable accuracy, a finely focused K 1ine
from an iron target was used, together with the highest possible reflec—
tion angle corresponding to the (100) planes. In the present experiment
the (400) reflection was_observed, for which 26 = 160.01° By using a fine

slit of 0.2 mm in width, the Bragg reflections were measured at room iem-

perature.

3. Results and Discussion
Figure 1 shows the relative change in lattice parameter before and
after electron irradiations with the fluences of 3 Mev electrons. [t can
be seen that lattice expansion increased linearly with dose. This tenden-
cy is the same as fhat ¢f { fon drradiation described 1in the previous
report]).
With self ion irradiation of 48 keV { ions the center of the irradiated
2 2)

region became amorphous at a fluence of 4 x ?O]ﬁions/cm In present

work with the 100 MeV C*® ion up to the fluences of 3.5 x101° jons/cm?, the
projected range was 102 rim. So, the damage was considered to be widely
distributed .

The integrated intensities of the (400) diffraction profiles after the
irradiations did change with fluence, extremely, after the don irradia-

tion. We measured the full width at half maximum ( FWHM ) of the diffrac-

tion profiles for the irradiated and nonirradiated diamond specimens. It
can be seen that after the electron irradiation FWHM of profiles did not
change. The results were summarized in Table 1 compared with that of don

irradiations.
The increases of the lattice parameter and unbroadening of profiles

for the electron irradiated diamonds are presumed to be due to the forma-
tion of a point like defect and growth of defect clusters into dislocation
loops. It is thought that the interstitial in diamond is mobile well below
room temperature and the vacancy becomes mobile at 500 C 3). Most of the
radiation damage are present as interstitial dislocation loops and vacan-

cies. The increase of integrated intensities 1is due to the extinction

U-45_
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effects which are associated with the point 1like defects and dislocation
loops introduced by the ion and electron irradiations. This fact 1is con-
firmed by the results after the electron irradiation.

A more detailed analysis of the present results and a further experimen-

tal study are currently 1in progress.
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Table I Full width at a half maximum (FWHM) and integrated intensisties of
of self ion irradiated diamond with 100 MeV C6 and 3 MeV electron.

100 MeV CARBON ION IRRADIATION

Fluence FWHM Integrated intensity
( 1015 ions Jeml ) ( degree ) I/ 1
unirradiated 0.17 1.0
0.68 0.20 4.2
2.4 0.723 4.9
3.6 0.23 5.8

3 MeV ELECTRON IRRADIATION

Fluence FWHM Integrated intensity
( 1018 o /cm2 ) ( degree ) I/ Iy
1.0 0.18 1.6
3.3 0.185 1.8
5 0.17 1.7
10 0.19 2.6
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2.9 Effect of Electron~Excitation on Defect Production in Copper

+*
akihiro IWASE, Tadac IWATA, and Takeshi Nihira

*
Department of Physics, JAERI, Faculty of Engineering,

Ibaraki University

In the previous paperlj, we showed that the damage efficiency in the
w100 MeV heavy ien irradiations to Cu was extraordinarily enhanced compared
with that in the low energy (V1 MeV) ion irradiations. In this report, we
present the result of defect production rate curves of Cu, and show that
the electron-excitation by energetic icns can produce the lattice defects
in Cu. |

The specimens were thin foils of Cu about 0.2-0,25 pym thick. The
irradiaticns of "1 MeV and 100 MeV ijons were performed below 10 K using
the 2MV VdG acceleratof and the JAERI tandem accelerator, respectively.
During the irradiations, the electrical resistivity change Ap was measured
as a function of ion-fluence ¢. Figure 1 shows the example of the analysis
of defect production rate curves. The figure shows that the defect
production rate curve can be expressed as the sum of two exponential
functions of ion-fluence. From the slope and the value of defect production

rate at 9=0, we can determine the radiation annealing cross-section Or' and

. . 1
the defect production cross-section od; respectively ).

rr 1"

In Fig. 2, the damage efficiency for defects 2 correspending to the

second part of defect producticn rate curve odz/o is plotted as a

d cal

function of the PKA median energy T where O is the theoretical

1/27 d cal

value of 04 calculated under the assumption that only the elastic
interaction produces the lattice defects. For low energy and high energy
ions, OdZ/Od cal decreases monotonically with increasing T1/2. On the

contrary, the damage efficiency for defect 1 corresponding to the first

part of the defect production rate curve Odl/oﬂ cal canncot be well scaled

by the PKA median energy.

48
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" n
In Fig. 3, the defect production cross section for defect 1 Gal is

plotted as a function of electronic stopping power Se. As van be seen in

Fig. 3, there exists a strong correlation between the electronic stopping

power and the defect production cross-section Odl’ and Odl is proporticnal

1.7 . . . .
to %Se . This result means that the electron-excitation by energetic ions

can produce the lattice defects in Cu . As a large amount of electron-

excitation causes a large number of lattice defects, the total damage

- + . .
efficiency (O’d1 Od2)/od cal is remarkably enhanced for high energy heavy

ion irradiations.

Reference

1) T. Iwata and A, Iwase, Rad. Eff. and Defects in Solids, 113 (1990) 135.

5x10°7%' | 1 T | | ]
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g
Z 1
~ -2
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~ 5x10°%
<.
=2
-22
10 | l I l l
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ION FLUENCE (10%/cm?)

Fig. 1. Analysis of defect production rate as a function of ion-fluence 1in
¢l-ion irradiated Cu. Experimental data (solid circles) can be fitted by

the sum of two expeonential funclicns of ion-fluence.
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2.10 Effect of 120 Mev O Ion Irradiation at Liquid Nitrogen

Temperature on Superconducting Properties of Bi-Pb-Sr-Ca-Cu-0

akihiro IWASE, Mitsuo Watanabe, Tadao Iwata and

*
Takeshi Nihira

) ) *
Department of Physics, JAERI, Faculty of Engineesring,

Ibaraki University

Tn this paper, we present the effect of 120 MeV oxygen ion irradiaticon
at 77.3 K on transition temperature Tc, critical current Ic and electrical
resistance just above Tc in the Bi-Ph-Sr-Ca-Cu-0 superconductor.

The specimen was made Dby sintering Bi203, SrCOB, CaCO3, PbQ and Cul

for a nominal compesiticn of Bio 7Pbo 3SrCaCuzoX. The irradiation of 120

14 2
MeV O ions to the total fluence of 3.5x10° /cm was performed at 77.3 K.

Figure 1 shows the electrical resistance of the specimen before and after

the irradiation to the fluence of 3.5X1014/cm2 as a function of
remperature. Figure 2 shows the electrical resistance around the transition
region for several fluences. Figure 3(a) shows the transition temperature
Te and the electrical resistance just above the transition region (120 K)
as a function of fluence. Figure 3(b) shows the dependence of the critical

current at 77.3 K on ion fluence. The initial decrease rate of Tc and Ic

14 P 14 -z
are obtained as V7 deg/107 0O cm and "O.3mA/107 O cm , respectively. In

-2 1)

14
the case of ¥YBa.Cu, the decrease rate of Tc was 1 deg/l0” O cm .

2 307—x'
which is much smaller than that in the present experiment. Figure 4 shows
that a linear correlation exists between Tc and the electrical resistance

1)

at 120 K. Such a linear correlation has been found alsc in YBaZCu3 o

The effects of annealing up to 300 K are shown in Fig.l and Figs. 3-5.
Figures 1 and 5 show that the annealing causes a slight change in
temperature -resistance curve only below 100 K, The temperature dependence
of electrical resistance above 100 K was not changed by annealing. This

. 1
result is very different from that for YB82Cu307_x ). In the case of
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YBaZCu3O7_x, about 30 % of irradiation-induced resistance increment was

recovered above V160 K during the annealing up to 300 K. In the present
experiment, although the recovery of the electrical resistance was not
found, the recovery of Tc and Ic was observed., After the irradiation to

2

14 " .
fluence of 3.5x10” /cm', Tc decreased to below 77.3 K., By the annealing

to 300 K, To recovered to V78 K, and Ic recovered from 0.085 mA to 0,12

{See Fig. 3{(b) and Fig. 5).
Reference

1) A, Iwase, M, Masaki, T. Iwata; 5. Sasaki and T. Nihira: Jpn. J. Appl.

Phys. 27 {1988) L2071.
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Fig. 1. Electrical resistance of Bi-Pb-Sr-Ca-Cu-O (A) beflore irradiation
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4
and (B) after O ion irradiation up to the fluence of 3.5x107 /em™. Curve

(C) presents the result after annealing up to 300 K. The measuring current

ig 0.1 ma,
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'Fig. 5. Electrical resistance of Bi-Pb-Sr-Ca-Cu-0 below 100 K before

irradiation (open circles), after O 1ion irradiation to the fluence of

14 2 . . .
3.5x10° /em” (solid cizrcles) and after anneeling up to 300 K (open

squares). Measuring current is 0.1 mA.
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2.11 MAGNETIC FLUX MOTION OF SUPERCONDUCTING
Bi-Sr-Ca—-Cu-0 FILMS A¥TER ION IRRADIATIOR

Takeo ARUGA, Saburo TAKAMURA™, Taiji HOSHIYA™™
and Mamoru KOBIYAMA®*¥

Department of Fuels and Materials Kesearch, *Department
of Physics, ¥¥0arai Research Establishment, JAERI,
***Faculty of Engineering, Ibaraki University

The movement of flux lines in high Tc superconductors is glven by
+the balance between Lorentz force exerted by transport current and
pinning force, and is controlled by thermally activated processl). If
the interaction between flux lines and pinning centers introduced by
ion irradiation is strong, the activation energy and therefore the
critical current density as well, may be increased compared with those
before irradiation. -This report describes the results on thermally
activated procesﬁes in the flux line motion, based on the temperature
dependence measurement of electrical resistances in the low resistance
region in Ri-8r—Ca-Cu-0 films after room—-temperature He-ion
irrediations.

The details of the sample and the experimental methods in the
present work have been described elsewhere 2,3), Magnetic field supplied
was perpendicular to both the film surface and the current direction.
The temperature dependence of electricel resistances was measured under
various magnetic fields up to 2 T at a current density of SXIOSA/mZ,
before irrediastion and after the h00-keV Ee-ion irradiations at room
temperature up to deoses from 2 to 19 xlOm/mz. The ion dose of 10'He/m”
is predicted to correspond to a defect concentration of 0.3% in the
present sample.

The. resistances measured with a +tewmperature sweep under each
magnetic field for the irradiations up to 1.9x10'9,--”m2 are given as a
function of temperatures in Fig.l. The transition curves obtained by
the resistive method are broadened by the application of the magnetic
field. However, the broadening becomes small with increasing the ion
decse, although the transition temperatures decrease. As a result, the

resistance-temperature curves rise more sharply for the higher doses,
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wvhich implies that the motion of flux lines is interrupted by pinning
centers produced by the lon irradiation. From Arrhenius plots of the
logarithm of electrical resistivities agalnst T"', which give straight
line sections, the thermally activated behaviors are apparent in the
motion of the flux line. Effective activation energles estimated U*
are 0.086 eV (H=0.68T) and 0.080 eV(H=1.4T) before irradiation, and 0.10
eV (H=0.68T) and 0.085 eV(H=1.4T) after irradiation of 2.0x10"%/m?, and
0.12 eV (H=0.68T) and 0.11 eV(H=1.4T) after irradiation of 5.0x10"/m’,
respectively. Under the same magnetic field applied, the effective
activation energies after irradiation are slightly larger than that
before irradiation and increase with increasing doses. However, the
energies for the higher field are the smaller, which suggests that the
effective potential hight under the magnetic field decreases with
increasing applied magnetic fleld; the potential well is tilted by the
Lorentz force acting on the flux lines.

The temperature dependence of the electric voltage measured using
another sample of aJBi—Sr—Ca—Cu—O filmh) at various electric currents
between 0.02 end 110 mA and at magnetic flelds up to 2 T perpendicular
to the film plane is plotted in Fig. 2, as the reletionship between
the logarithm of eleciric voltages and the reciprocsl temperatures,
before and after the irradiation of 1.0x10”/m2, The effective activation
energies U* obteined from the slope of lines for equal measuring electric
current and megnebic field are slightly smaller after the Iirradiation
compared with +that before irradiation, especially for +the larger
electric currents. The relationship Dbetween U¥ apnd the effective
transition temperature Tc® defined as s temperature at which the
electrical voltage has & value of 5x10ﬁV, is shown In Fig. 3, before
and after the irradiation.

It is noticed thet the value of U* before irradiamtion shows a
tendency of saturation under the magnetic field above a temperature Ta
which is indicated by arrows in Fig. 3. At temperatures above Ta, a
new fliux phase5), for example, the flux liquid, may come iInto existence,
and U¥ hes a constant value. The saturated U¥ and Ta decrease with
increasing magnetic field6). The flux liquid has been discussed in
studying the elastic response of flux lattice to the pinning centers.
The motion of flux lines changes froﬁ, hysteretic to wviscous at =a

temperature sbove which no increase in loss has been observed. The
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melting temperature decreases with increasing magnetic field, which is
demonstrated in the behavior of Ta in the present work. The value of
U* after irradiation rides on almost the same curve as that before
irradiation, which implies that effective pinning energy would be

decreased. When sufficient pinning centers exist before irradiation,

~an introduction of additional pinning centers may flatten the potential

well to diminish the effectiveness for flux pinning. The definite
enhancement of the critical current, therefore, can not be observed as

long &s the electrical‘resistance metheod is used.

References
1) Y. Yeshurun and A. P, Malozemoff, Phys. Rev. Lett. 60

(1988) 2202.

2) T..Aruga, S. Takamura, T. Hoshiya and M. Kobiyama, Jpn. J.
Appl. Phys. 28 (1989) L96k.

3) T. Hoshiya, S. Takamura, T. Aruge and M. Kobiyama, Jpn. J.
Appl. Phys._gg (1990) L1bk3.

}) T. Hoshiya, S. Takamura, T. Aruga snd M. Kobiyama, Jpn. J.
Appl. Phys. 29 {(1990) L2026.

5) P. .. Gemmel, L. F. Schneemeyer, J. U. Waszczak and D. J.
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3.1 RADIAL DOSE DISTRIBUTION FOR HIGH ENERGY

HEAVY IONS IN ARGON GAS

Katsutoshi FURUKAWA, Shin-ichi OHNO,
Hideki NAMBA*, and Yoshihide KOMAKI

Department of Chemistry, *Department of

Research (Takasaki)

7. Intreoduction

In microdosimetry ofAhigh—energy heavy ions, two kinds
of information are of fundamental importance; (1) the ratio
of the deposited energy going into kinetic energy of =atoms
to that going into electronic excitations or ionizations,
and (2) the spatial distribution of the deposited energy
around the track of an incident heavy ion.

As to information on (1), we aimed at experimental
determinations of W-value, mnean energy.required to produce
an ion-electren pair, of Ar gas as a function of primary
energy of the incident particle in a previous report.'? We
tried then tc compare the results with those obtained from
the estimation using LSS theory?’ of how the initial energy
is diwvided into electronic and "nuclear” energies of the
irradiated material. A general agreement of the results
with the theory was obtained in that the fraction of the
energy that goes into kinetic energy of gas atems due To
“nuclear collision” becomes larger as the incident particle
is heavier in mass and lower in energy. However, we also
noticed there that ovr experimental results showed &
significant deviation from the theory.

In the present report, we present our results on the
measurements of the spatial distributien of the deposited
energy around the track of an incident heavy-ion beam. For
measurements, we employed the method which have heen

reported by Wingate and Baum®’ and which measures radial
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distribution of ionization current produced in a small wall-

less ionization chamber.

7. Experimental

A collimated beam of the heavy ion of the energy range
100200 MeV from the JAERI Tandem accelerator is introduced
in the vessel filled with a gas through a set of aperture
(0f the diameter "of 0.2 and 0.5 mm) which serves also
differential pumping system. A schematic view of the
apparatus is shown in Fig. 1. Details of the chamber were
reported previously. _

The small wall-less ionization chamber (b) 1is censisted
of two cylindrical meshes and a central wire supported by
Teflon insulator. The inner cylindrical mesh (of diameter 15
mm, length 85 mm) which acts as H.V. electrode is made of Ni
wire of diameter 0.005 mm, 50 meshes. The outer mesh acted

as a shield and was made of SUS wire of diameter 0.271 mm, 30

meshes. The central wire which acts as the collecting

electrode is made of ﬁﬁ::
[T . m (1

1 mm Cu wire.
Parallel plate
The wall-less ionizalion chamber
ionization chamber is Eﬂ.jgzgnﬁfr_fm._”_._.wﬁum_.__"__
_ ear(l Mesh probe

placed in a large \\mmzmMnchombm

- —

vessel filled with an T
L] L]

Ar gas at variable W_Z%$

pressure and it 1is 0.21x 30 mesh

movable by remote 0.05x50 mesh
' operation. The radial \ .
distance from the \ ;)%22262?
|
////.//
v

ion-beam track during

measurements was
Colleclter

adjusted by changing

elther the gas pressure . . . . . .
Fig.l Schematic view of the 1onizalion

or the radial position
chamber

of the wall-less
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ionization chamber.

3. Results and Discussion

The results obtained have been normalized as follows.

Simulated radial distance R:
R.:Rgsc(dqas/dwnler)

where R,,. 1s the observed distance, d,.. and d.,... are the
density of Ar gas used and the density of the liguid water,

respectively. Dose in eV/g at the distance of R is:
Dose: (Ip/Ii)(Zwe/(v'dgas))(dwnler/dgss)z

where I, and I, are the ionization current in the small
wall-less chamber and the incident ion-heam current,
respectively and where Z the charge of the incident ilon, W,
W-value of the gas for electron (= 26.2 eV), and v the
volume of the small wall-less ionization chamber.

In Fig. 2 is shown the radial distribution of absorbed
dose obtained in Ar gas by a small wall-less ilonization
chamber at the wvarious distance from the path o¢f the
incident 200 MeV Ni-icn. In this study the mesh chamber was
placed at the radial distance of 35 ~ 77 mm from the beam
path. The pressure in the chamber was varied from 0.25 to 40
Torr. The radial distance is all normalized to the density
of 1 g/cm® as above. The results indicate that the radial
distribution of the normalized absorbed dose decreases

nearly 1/2.5 power law to the normalized radial distance.
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3.2 HIGH-RESOLUTION ZERC-DEGREE ELECTRON SPECTROSCOPY (III)

Makoto TMAI, Masao SATAKA, Yasunori YAMAZAKI*, Ken-ichiro KOMARI®,
Kiyoshi KAWATSURA™, Yasuyuki KANAI™ and Hiroshi NARAMOTO

Department of Physics, JAERI, “College of Arts and Sciemnces,
University of Tokyo, **Department of Chemistry, Kyoto Imstitute
of Technology, ***The Institute of Physical and Chemical Research
(RIKEN)

Introduction

Projectile Auger spectroscopy is known to be a versatile tool for
investigating structures of Rydberg atoms!). Observing the autoionizing electrons
emitted from Rydberg iom projectiles at zero degree with high resolution, we
can measure a number of peaks coming from a series of Rydberg states.
Previously, we measured electrons emitted from S'2* ions of 1s°2p9¢ Rydberg
states excited through He and Carbon-foil targets. In these measurements, as
had.been-obserbed for 1.5-5.0 Mev C?* projectilesg), we observed the difference
between f-distributions for higher Rydberg states excited through ion-atom and
ion-solid collisions”. This difference is attributed to stochastic collision
induced f-diffusion of entrained electrons inside solids®.

In the present work, we extended the measurement for electrons emitted
from the states excited through He and Carbon-foils of various thicknesses (1.2-
9.6 pg/cm’), to investigate the equilibrating process of angular momentum

distributions in foil targets.

Experiment

The experimental apparatus have already been described in detail®. Tons
of 64MeV $8% were accelerated by JAERI tandem accelerator, and passed a post
stripper foil of 10-30 ug/cm? in thickness. The S!?* components were separated
by a switching magnet, collimated in a diameter of about 1.5mm, and then collided
with targets. The thicknesses of carbon foil targets were 1.2, 2.2, 9.6 ,ug/cm2
and He gas target was used for exciting projectiles under the single collision
condition. The He gas target cell is 5cm in length, while the target pressure

being about 10 3Torr. Electrons ejected in the beam direction were energy

_.,65_



JAERI-M 91-170

analyzed by tandem electrostatic analyzer with high resclution and detected

by MCP and Ceratron multiplyer for C-foils and He targets, respectively.

Results and Discussion

Figure 1 shows the electron energy spectra converted inte projectile
frame for electrons emitted from 64MeV S'?* excited through C-foil targets.
The peaks around 1.2eV, which are the most dominant ones in the figure, is
attributed to be compositions of the electrons emitted via Coster-Rronig
transitions of 1s22p9f-1s?2sef’ (¢=d,f,g,...) by following procedures.

Neglecting the term splitting and the spin-orbit splitting, the energy
of the ejected electrons can be written in the form below.
Q’Ry
2n —m)?’

where AFj, is the energy difference between the ?s and 2p orbitals, (@ is

EnI = AE232p -

the effective charge of the atomic core seen by the Rydberg electron, Ry is
the Rydberg constant (2?.211eV), n is the principal quantum number, and p; is
the quantum defect depenrding on the angular momentum £. As Af,, and quantum
defect p;, we used transition energys) of the 1s?2s-1s?2p 2}%/2 for $'** and
theoretical values”), respectively. Here the transition from the state 21%;2
is energetically impossible. Labels in figure 1 show expected electron energy
for specified angular momentum £. The validities of this

calculation is not clear for the states f=s and {=p, because the term splitting
produced by the coupling of the Rydberg electron with the 2p electron is not
negligible. Consequently, Wwe can not conclude that peaks around the energies
which correspond to ¢=s and {=p come from transitions of

1522p9£-1522552’ (f=s,p) .

Figure 2 shows the height of the peaks around 1.2eV plotted against the
C-foil thickness. Figure 3 shows the peak width versus peak height ratios of
the peaks around 1.2eV as a function of the C-foil thickness. In these figures,
the heights of the peaks increase, and the width-height ratios become larger
when the target thickness increases. The height and the ratio reach equilibrium
at target thickness corresponding to C-foil of 2—4ug/cm2. These results lead
us to the following conclusions. 1) The 1s°2p9f (f=d,f,g,...)
states of 64 MeV S!?* produced in ion-solid collisions increase when target
thickness increases. 2) Its {-distribution shifts to higher-{ when target

thickness increases. 3) It reaches equilibrium at target thickness
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corresponding to C~foil of 2-4pp/cm?.
The equilibrating behaviour of projectiles of other charge states and
128MeV projectiles, which are expected to include effects coming from "transfer

excitation”, "capture to excited states' processes and so on, are under

investigation now.

= _ 1

T F ]
‘ 0 d—" ..Fg

9.6 pg/cm?

2 &L T . .
= N - .
P .
z 1} «-
S ac m2.2pg/cm’ ‘
= 2 "“,:”: S e : _
§ 1 ':-,-_' 1.2 pg/cm2 B

A; :!". ’ —.'..‘..". . r ..
s b

0 k | ! ! ! |
0.3 0.6 0.9 1.2 1.5

Electron Energy {(eV )

Fig.1 Electron energy spectra converted into projectile frame for electrons
emitted from 64MeV S17T 1s22p9f states excited through C-foil targets. Labels
show calcultated values of Auger electron energies emitted from specified £

states (see text).
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Fig.2 The height of the peaks Fig.3 Peak width versus peak height

arcound 1.2eV plotted against the ratiog of the peaks around 1.2eV plotted
C-foil thickness. : against the C-foil thickness.
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3.3 HIGH-RESOLUTION L-AUGER SPECTROSCOPY OF Sc®*' PRODUCED IN
80-MeV Sc®* + He COLLISIONS
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Yohko AWAYA "~ Jorgen H. HANSEN® and Nikolaus STOLTERFOHT™®
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Introduction
High-resolution projectile Auger spectroscopy has been a powerful tool

for investigation of the electronic structure of highly ionized atoms®’.
In particular, the method of zero-degree electron spectroscopy has been
proved to be advantageous because of great reduction of Doppler
broadening?’.  Furthermore, the use of 1light target atoms, such as Ke,
provides selectively ionized projectile through the "needle ionization”
process, where an inner shell electron is removed without disturbing the
outer shells.

In the present work, we measure scandium L-Auger electrons produced in

89-MeV Sc®' + He collision and investigate the electroniec ~structure of

Mg-like Sc®” ions

Experimental
The experimental arrangement is reported previousiya’. A beam of 89

MeV “5Sc®* ions were accelerated by the tandem accelerator at JAERI and
were introduced to the collision chamber

The target was He gas with a pressure of ~mTorr and the cell length
of Sem. Electrons emitted in the forward direction were energy analyzed by
the tandem parallel-plate electrostatic analyzer. By decelerating the
electrons before the second analyzer, the resolution of 3 eV (FWHM) at
laboratory frame electron energy of 1850 eV was achieved. Through the

transformation to the projectile frame of reference, the energy resolution
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is improved to 0.78 eV at projectile frame electron energy of 177 eV,

Results and Discussion
Figure | shows a projectile frame energy spectrum of electrons emitted

through 89-MeV Sc®* + He collisions. Peaks in the spectrum were identified
as L-Auger electrons emitted from the initial states 2s?2p®3sZ3p(Sc®") and
2522p58s2(Scit*). A pair of peaks at 143.5 eV and 147.8 eV are attributed
to the 2p®3s? 2P3,,. 4.2 doublet produced by removing additional 3p electron
in the “"needle ionization™ of a Ip electron. The rest of the spectral
peaks are due to Mg-like Sc®t and are attributed to the transitions to the
final configurations, 2p%3s, 2p®3p and 2p%3d.  The third transition
involves three electrons, reflecting strong electron correlation 1in the
initial state. '

Similar spectral structures have been observed in L-Auger spectra from
Mg-like Al* %) and Ar®" 2’ ions and were compared with theoretical results
evaluated by configuration interaction Hatree-Fock code due to Cowan®'. To
account for the interaction between 2p hole and 3p electron in the initial
state, configurations 2522p5(3523p+3s3p3d+3p3d2) were considered in the
calculation. In the present case, however, it turns out that the results
of the same method of calculation show a poor agreement especially for

intensities of transitions to 2p®3d states and that the discrepancy is

removed by taking . : . :

T t T T
- 1Sc_B+ Ea 2
configurations with BS-HeV TSc™(2p732%3p1 + He
: 4000 ! *
a Zs hole into con- 3 & N
sideration as well. o %
o & L]
The new calcu- o 3000 o & “ .
) = o o 9
lation was performed z "o - = o
[ &) tl\l (2] o™ =
within the inter- 2000 o = < -
& D
mediate coupling o -
. — N
scheme using the 1000+ — t)
wave function ex- wﬂ&JA*M-_~—JX,LL*Jg--_._ﬂ
1 [ 1 1 LA I I 1
panded as follows: 050 735 140 150 180 170 180 180
2522p°9s2 (Ip+4p+5pt Electran Energy (eVl
6p)+2s22p®(3s3p3d+ Fig. 1 L-Auger spectrum of Sc produced in
3p3d2+3p3+3pTap+ 89-MeV Sc®* + He collisions. The observation
3pdp?)+2s2p® (3s23d+ angle is 0°. The electron energy refers to
3d3+3p23d+3s3p?). the projectile frame.

ﬁ,’?O_
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Table Energies and intensities of L-Auger lines of Scd*

transition energy relative intensity
theory expt. theory expt.
2Dy, — %S, 120.25 } 0.003 }
Dy — 385, 120. 33 120.2 0.003 0.02(2)
®Ds,2 — D2 122.40 0.3
2 3
Dasa — D2 122. 47 1.2
Do — 3D 122, 53 122.5 23 3.4(4)
D3,z — 3Dz 122.60 c.uos
2Dg.p — Py 123,49 0.011 }
2p.s — 1Py 123, 57 } 1235 0 39 0.41¢10)
2Dg.p — 3P,  124.07 .51 }
2Da,z — 3Py 124,15 } 1242 0.13 0.41(10)
2 3
Ds.2 — °Po 126. 40 } 0.003 }
2D,z — 3Py 128,47 126.4 G.00014 0. 055 (40)
2 3
Do,z = D, 126.88 } o,ooz }
2p,., — D,  126. 96 126,89 06 0.52(12)
®ps,2 — Py 127.93 0.012
2 1
Ds.p — ‘Do 127.98 1.t
2py.0 — 3P, 128,00 128.0 o.uzs 1.2(2)
2Dy, — 'Dp 128,05 0.3
2Dg,p — '8 137.88 - 0.0013 0
3 P Isg  137.85 - 0.0012 0
: total 7.02 §.0(8)
2p,., — 35, 152,74 152. 6 1,26 1. 4(4)
2p.. — 35, 153. 57 153.4 0.75 1.3(4)
2pa,. — 3D,  154.89 2. 62 }
9., — 3Dy 155.02 } 185.9 16. 04 20.5{1%)
ep,. — %D, 15572 155.6 9. 14 6.5(15)
2p,,o — 3D 155.85 } 0.21 }
2ps.2 — Py 155. 98 155.9 5.19 T.7(15)
2ps.o — 3P 156.56 156.7 12,87 11.0(L5)
2py, — Py 156.81 156.8 1. 96 2.3(10)
2p,,5 — %P2 157. 39 157. 5 0.21 0.13(10)
2Pg.p, — 3Py 158.83 158.¢ 0.23 0.88(30)
2p..p — 3Dy 158,37 159.4 0.52 0.23{15)
2p,,, — 3P, 15%,72 159.7 0. 0003 1. 4(8)
2p,,, — 3Dy  160.120 150.2 5.90 8.2(12)
2 3
Fs.o — 3Py 180,42 } 3. 89 }
2P3/2 — ng 160. 47 160.5 10. 7% 12.6(15)
2 3
Py.» — %Py 151.25 } 0,88 }
2p,,, — ‘b, 1s1.30 J M1 110 0.1 (18)
2p3,o — 'So  170.37 - 0. 094 0
2Py.e — 'Sy 171.20 - 0.054
total T4, 49 75.0¢20)
23,,, — 38, 177.2% 177.2 5. 32 6.6(4)
2 3
Si.2 — D2 179. 44 } 0.61 }
23,,, — %Dy 179.57 113.5 0.94 1.9(2)
28,2 — Py 180. 52 180.5 0.78 0.65(20)
28,0 — Py 18111 181.2 0.143 0.72(20)
28,,2 — 3Py 183.44 183.5 2.54 7.3(5)
28,.» — 3D, 183,92 183.9 0.25 0.52(15)
2 3
S1.0 — %Py 184. 97 } 3.73 }
28,., — 'D»  185.02 185.0 0. 54 4.204)
25,,0 — 'S, 194.92 154.8 2.63 2.1(6)
total 18.49 19.0(16)
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Fig. 2 Line structure of L-Auger

spectra from Sc®" 2p®3s?3p configuration.
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4,1 A COLLINEAR LASER-ION-BEAM SPECTROSCOFPY SYSTEM

Yoshinori NAKAHARA, Hideki IIMURA, Shin-ichi ICHIKAWA,
*
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Kazuhiro KOTANI , Masanori WAKASUGI and Takaycoshi
¥ e
HORIGUCHI
*
Depertment of Chemistry, JAERI, Department of Nuclear
* ¥ * ¥ ¥
Engineering, Nagoya University, RIKEN, Faculty of

Science, Hiroshima University

The purpese of the JAERI—ISO; proeject is to investigate the structure
of short-lived nuclei which are prepared by means of an isotope separatcr
coupled to the tandem accelerator in JAERI. So far, work at JAERI-ISOL
has concentrated on the electron- and gamma-spectroscopy of neutron defi-
cient nuclei in the A=12C0-130 mass region, so that level energies and
T-transition properties in these nuclei have been investigated. It is
interesting to supplement this investigation with measurements of nuclear
moments derived from optical hyperfine structure (hfs). Thus we installed
a collinear laser-ion-beam spectroscopy system at JAERI-ISCL. The purpcse
of this system is to measure hfs in radioactive isotopes with sub-Doppler
resolution.l) We report here on results of tests performed by using stable
isotope 1H1Pr.

The experimental setup is shown in Fig.l. A cw dye laser with wavemeter
(Coherent 699-29) was pumped with an Ar-ion laser (Coherent INNOVA-100-20)
and contrclled by a personal computer. As a dye, we used Rhodamine £G.

The wavemeter was used to determine the absolute frequency which was cali-
brated by an absorption spectrum of an IZ cell. The relative frequency

of the hyperfine lines was calibrated by a confocal etalon with free spec-
tral range of 150 MHz (Burleigh CFT-500).

A beam of 40-kV Pr’ ions, part of which are in metastable levels,
was produced by the JAERI-ISOL mass separator. The metastable ions were
excited tc upper levels by a counter-propagating laser beam. The interac-
tion region was defined by a cage of 10 cm in length and Y em in diameter,
which was kept at the potential of -3 kV. This potential ensures. that
the velocity of the ions is Doppler-tuned into resonance in the cage and
that depopulation pumping of the metastable levels dces not occur far

upstream from the cage.
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Resonance was observed by detecting the fluorescence light from the
excited levels to the ground.level. The fluorescence light was collected
by a spherical mirror onte a cooled photomultiplier {HAMAMATSU Photonics
RO43-02). Stray light from the laser beam was suppressed by an appropriate
combination of a broad-band filter and a narrow-band interference filter.
The ion current was monitored by a Faraday cup (FC)} after the interaction
region. Typical ion beam current was about 50 nA. Hyperfine spectra were
measured by scannihg the laser frequency of about 20 GHz and recorded
in multi-channel scaling (MCS)} mode by using a personal-computer-based
data acquisiticn system.

Typical hyperfine spectrum for PrII from the metastable 562 level
to the 5H3 level (A=601.94 nm) is shown in Fig.2. All the hyperfine compo-
nents were well resolved and assigned, as shown in Fig.2. The observed
linewidth is typically about 90 MHz (FWHM)}. The magnetic-dipole constant
A and the electric-quadrupole constant B were derived from the measured
hyperfine spectra. Part of results are summarized in ref.Z2.

The overall efficiency for detecting the fluorescence photons is
about 10_8 photons/icn. The background is about 103 counts/s, and it arises
mainly from two things. One thing is the scattered laser light, and the
other is light originating from collisions between the ions and the gas
atoms remaining in the interaction chamber.

The observed linewidth is sufficent for cur needs. More important
one is sensitivity, because the mass-separated yield is estimated to be

5

below 10° icns/s in on-line experiments. Thus reducticn of the backgrounds
and improvement of the overall efficiency are necessary. We are now at-
tempting to improve collection efficiency of the fluorescence photons

and to increase population of the metastable states.

REFERENCE

1) S.L.Kaufman:Cpt.Commun. 17(1976)309.

2} H.Iimura, Y.Nakahara, S.Ichikawa, K.Kotani, M.Wakasugi and
T.Horiguchi, J.Phys.Sci.Jpn. 59{1990}4208.



JAERI-M 91-170

elaion

MCS ]

Ar’ laser
N
2 wavemeler
__..—-—'_—'—_'__._——‘
< | dye laser

MCS?

dala acquisilion syslem

laser beam FC
e

lens

controller with compuler

1

PMT

== filter

—

rc_a_{.]_e:- ]' bt - l mass-separaled
St I ! ] L ion beam
mirror einzel lens '

|

Fig.1l. Experimental setup for collinear laser-icon-beam specirTescopy.

141

Pril

601.94 nm o~ o~
—_ o3 =
Qs | 1
3 g
3 = 5
O
—
=
o
G o oo oo o) oY god
C .5 ;5-'7 u i~ wmm oy — u o— ™
W 1 1 [ 11 (I 1 1 | S
[= L < oo o o oY ood
— = eles) = - m = =o3u
R l K
)
c
@
L)
vl
o
| .
G
>
TN

; ﬁ LR e AL k@é % q\“ W Pl

%mﬁnwﬁ«¥ﬁw g ? AR de) Lt y W Ye e
1 t 1 ! i Lt i 1 i Lol 1 ] ] ! 1

o v 2 3 4 5 © 7

B 9 10 11 32 33 15 16 17 1B

Laser Frequency{GHz)

Fig.2. Typical

measured hyper{ine spectrum.

— 77 e



JAERI-M 81-170

4.2 DECAY OF #La

Toshiaki SEKINE,® Shin-ichi ICHIKAWA,? Tsuneyasu MORIKAWA 4
Masumi OSHIMA,® Akihiko OSA,>®, Yuichi Hatsukawa,’
Hideki IIMURA? and Nobuo SHINOHARA?

Department of Radioisotopes, ?Department of Chemistry, and
3Department of Physics, JAERI, *Faculty of Science, Hiroshima
University, ®*School of Engineering, Nagoya University

The present work is part of a systematic study on the decay of neutron defficient
nuclei in the rare-earth region. The decay of *2La was investjgated previously by the
present authors.)? Although the experiment suggested the existence of a side band in its
daughter nucleus, **?Ba, the counting statistics in -y coincidence measurement was not
enough to establish its band. In the present work the 4-7v coincidence measurement has
been carried out again to obtain information on the nuclear structure of its daughter

122Ba

The 1?2La isotope was produced by bombarding a Mo target with a **Cl beam
delivered by the tandem accelerator and mass-separated on-line as 1227,a180% ions, be-
ing separated from the Cs and Ba isobars.?) The v-v coincidence measurement was

performed using a BaF; scintillation detector and a HPGe detector.

Figure 1 shows a y-ray spectrum obtained previously for '**La. In addition to 7-
rays of the ground band, three new y-rays were observed at 743, 940 and 972 keV. The
results of the 4-+ coincidence measurement indicate that the 743- and 972-keV ~-rays
are coincident with the 197-keV 2} — 07 ~-ray but the 940-keV ~-ray isn’t (see Fig.2}.
From the coincidence relation, new levels of 939.6 and 1169.0 keV are introduced into a
leve]l scheme, as shown in Fig.3.

The systematics of lowlying levels in this region is shown in Fig.4. From this sys-
tematics it seems natural to conclude that the 939.6-keV level is the band head of the
quasi-v band and has a spin/parity of 2%. The 1169.0-keV level is considered to be also
a member of the quasi-y band and to have a spin/parity of 37.

Omne can note in Fig.4 that the energy of the 27 state decreases slightly with de-
creasing neutron number, arrives at a minimum and then starts increasing at ***Ba. It
is interesting that Puddu et al®) predicted this trend of the 27 -level energy by applying
the IBM 2. Their prediction of the branching ratio between 23 — 2f and 27 — 07
transitions is in good agreement with our experimental value.!) The calculation of the
IBM-2 suggests that in the Ba isotopic chain the nuclear structure changes from O(6)
around **Ba towards SU(3) around ***Ba.?)
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4.3 A BETA-DECAY STUDIES OF 123La WITH AN
ON-LINE ISOTOPE SEPARATOR
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Toshiaki SEKINE**, Masumi OSHIMA®, Nobuo SHINOHARA,
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Department of Chemistry, *Department of Physics,
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Investigation of the nuclear structure of neutron deficient nuclei in
the A=120-130 mass region has revealed that the nuclei tend to be very soft
for 7 -deformation and their collective character grows rapidly with
decreasing neutron number. For the 123p5 nucleus in-beam 7 -ray spectroscopic
1,2)

studies has led to information on high-spin level structures. However,

experimental information on low-spin levels of this nucleus is wvery scarce;

the knowledge of the excitation energies of such levels are needed for under-
standing the collective behaviour of this nucleus. In the present work, we
studied the level scheme of 1235 from the B-decay of 12314 (Tl/z = 16 sec)
using a heavy-ion reaction and an on-line mass-separation technique.

The experiments were performed at the tandem accelerator facility
using the reactlion g%ﬂo(BSCl,ZpZn)lzsLa with a 180-MeV 31 beam. The
thickness of the molybdenum targets was about 3 mg/cmz. Reaction products were
jonized in a surface-ionization ion source, and mass-separated
electromagnetically. In order to obtain 12314 activity free from the Cs and Ba
isobars, the monoxide ions 123LalGO+ were separated by setting the magnetic
field at the mass number of 139.3). The mass separated 12312 activity was
implanted into an aluminum-coated Mylar tape in a tape transport system and
periodically transported to a measuring position, where 'r~ray singles and vy -
v coincidence measurements were performed with a low-energy photon HPGe
detector, a 20% HPGe detector and a 28% n-type HPGe detector. The decays of
~ ~rays were traced by taking consecutively 16 spectra counted for 3 sec each
in order to distinguish the ¢ -ray peaks of 12312 from those of daughter
nuclides. Coincident events were recorded in 1list mode on a magnetic tape.

Figure 1 shows levels and transitions in 1235, obtained from the
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present measurements. The exclted states were placed on the basis of the
"energies and coincidence relations of the ¢ -rays assigned to the decay of
12314, We have derived 12 new levels, the energies of which are indicated
with an asterisk. For some transitions between these levels internal
conversion coefficients were obtained from a simultaneous measurement of
electrons and 7 -rays with S1(Li) and HPGe detectors. From the derived K
conversion coefficients, the multipolarities of the 120.9-, 153.6-, 174.4- and
243.9-keV transitions have been determined to be Ml and/or E2. In order to
obtain mbre information on the 120.9-keV transition we performed a B-7
delayed coincidence measurement, utilizing a plastic scintillator and the
low-energy photon HPGe detector. This measurement has yielded tl/2=0.8310.06
145 as the half-life of the 120.9-keV level. If the 120.9-keV transition is
- M1, this half-life corresponds to a hindrance factor Fw=1.1 X 105. From
assumed M1 multipolarity, I% (120.9 keV) is restricted to 7/27, 5/2% and 3/2%,
and hence K7 (120.9 keV) is also restricted to 7/2%, 5/2%, 38/2% and 1/2%.
These possible values of K7#(120.9 keV) give AK<2 for the 120.9-keV transi-
ton, because the ground:state is the band head of a K¥=5/2% band. 2) However,
the hindrance factor is an extremely high value for M1 transitions with AKs<
2.4). Thus the 120.9-keV transition can be assigned to be pure E2. The
half-life gives E2 hindrance factor Fy=2.8 to this transition.

The new levels at 120.9, 153.6, 328.0, 397.5, 695.3 and 790.8 keV are
expected to be the 1/2%, 8/2%, 5/2%, 7/2%, 9/2" and 11/2% umembers of a new
band with K® = 1/2%, respectively, because the energy spacings of the six

members of this band are fairly consistent with the rotational formula:
E; = Ep + A{L(I+1)+a(-1)1*1/2(Ts1/2)),

and give a rotational parameter A=21.9 keV and a decoupling parameter a=

-0.548. The Nilsson orbital [411]1/2% can be assigned to the 120.9-keV level
because other Nilsson orbitals with K7=1/2% are far from the Fermi surface
for the 67th neutron at a deformation e = 0.27 deduced from the reported
quadrupole moment Q=1.52+0.13 b {ref.5) of the ground state. The negative

decoupling parameter supports this Nilsson-orbital assignment.
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Fig. 1. Partial level scheme of 123p, populated by the pA-decay of 12314,

The energies of the new levels are shown with an asterisk. The v -intensities

are given in parentheses relative to that of the 937.3-keV transition.
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4.4  Lifetime measurement of the 2§ state in 12%12412°B3

Tsuneyasu MORIKAWA*!»® Toshiaki SEKINE*!, Yuichi HATSUKAWA*!,
Masumi OSHIMA*2, Shin-ichi ICHIKAWA*®, Akihiko OSA™**,
Akihiro TANIGUCHI** '

*1Department of Radioisbtopes, *2Department of Physics, **Department of
Chemistry, Japan Atomic Energy Research Institute, **School of Enginee-

ring, Nagoya University and *SFaculty of Science, Hiroshima University

The measurement of absolute transition rates provides a good means for testing various
nuclear models. Es.pecia,lly in even-even nuclei, B(E2;0 — 2}) values are one of the most im-
portant information for nuclear structure study. Our aim is a systematic lifetime measurement
of the 2} state in neutron defficient nuclei in the Xe-Ba-Ce transitional region.

Recently, the BaF, scintillator of fast timing characteristics for y-ray detection has been
developped. The S-v delayed coincidence technique using the scintillator in combination with
a f-ray detector has become a powerful method for lifetime measurement. We employed this
technique to derive lifetimes of '212%1%6Ba. To produce '*»*****La, the parent nuclei of Ba,
~enriched 2Mo and "**Mo targets were bombarded with ¥*Cl beams from the JAERI tandem
accelerator. The reaction products were mass separated in the form of LaO* with an isotope
separator on-line (ISOL) connected to the accelerator. A Pilot-U 2" ¢ x3 mm plastic detector
and a 1"¢x1/2" BaF, detector were used to detect 7 and «y rays, respectively. A typical
timing resolution of the system for prompt transitions was 150 ps FWHM at 1332 keV of
a %°Co source. Data of each event, y-ray energy, S-ray energy and time difference between
them, were recorded on magnetic tapes in list-mode. The time spectra corresponding to the
27 — 0] transition were analyzed with a deconvolution methodr to minimize x? of the fit.
Half-lives of 297(13), 297(26) and 141(8) ps were obtained for the 2} state in 122124126 B
respectively. The half-lives were converted into B(¥£2;0f —27) values. The results are listed
in table 1. |

In Xe isotopes, experimental B(E2;0] —2) values have been reported as shown in fig. 1
(a). Although the data are somewhat scattered, one can see some trend with respect to the
neutron number. Otsuka et al. performed an IBM-2 calculation taking into account the Pauli
blocking effect for the Xe-Ba-Ce isotopes.”) The results for the Xe isotopes are also plotted
in fig. 1 (a). The solid line denotes the calculation including the Pauli effect and the dashed
line indicates the limit of no Pauli effect. The experimental values are well reproduced by the

IBM-2 calculation including the Pauli blocking effect.



Table 1. Half-lives of the 27 state and B(E2;0{ —27) values in 12212412683,
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Present work

Previous work

Nuclide Ty (ps) B(E2) (?b%) Tup (ps) B(E2) (e’b?)
12284 297(13) 2.71(12) - -
124135 297(26) 1.37(12) - -
12684 141(8)  1.71(10) 126(14)*  1.90(21)
*)Ref. 3.
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Fig.1. B(E2) values for neutron defficient isotopes of Xe (a) and Ba (b}. Data obtained in the

present work are plotted in solid circles. Open circles indicate previous experimental values

iaken from ref. 3. The solid line denotes the IBM-2 model calculation taking account of the

Pauli blocking effect and the dashed lire corresponds to the limit of no Pauli blocking effect.!?
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New data from the present work for the Ba isotopes are plotted in comparsion with the
results of the IBM-2 calculations in fig. 1 (b). In the data for Ba, in contrast, the B(E2) values
show another trend opposite to that of the Xe isotopes, though the data are rather scatterec.
The IBM-2 calculation including the Pauli blocking effect does not seem to reproduce the
experimental data. For **Ba, rather strong side feedings from two quasi-particle states to
the 47 state might have affected the measured half-life of the 27 state. In the mean time,
the B(E2) value for ??Ba is rather large compared with the IBM-2 calculation of no Pauli

limit and other predictions by.systematics presented in ref. 2. To confirm the present data,

. 2172 . -
another experiment on ?%!?*1*Ba is beeing planned.
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4.5 A RESEARCH FOR THE PRODUCTION OF TRANSURANIUM ELEMENTS

Jchiro FUJIWARA, Seiichi SHIBATA*, Hisaaki RUDC**, Kazuaki
TSURADA***, Tsutomu OHTSUKI***, Yuichi HATSURAWA**** 6 Nobuo

SHINOHARA**++* Shin-ichi ICHIKAWA*+**** Masaaki

MAGARA****%,

School qf Economics, Otemon Gakuin University, *Institute
for Nuclear Study, University of Tokyo, **Department of
Chemistry, Niigata University, ***Department of Chemistry,
Tokyo Metropolitan University, #**#**Department of

Radioisotopes, *****Department of Chemistry, JAERI

Synthesis of the transuranium nuclides by heavy ion reactions
proceeds through the process of compound nucleus formation, but the
fission barrier of the compound nucleus with atomic number greater than
100 is so low that almost all compound nuclei compete with the fission in
the every step of successive nentron evaporations. Therefecre, the
transuranium nuclides must be synthesized tc form the compound nucleus
with the excitation energy as low as possible, whereas the projectile of
the charged particles must overcome the coulomb barrier for the compound-
nucleus formation. This report presents the results of the synthesis of
mendelevium performed using the JAERI TANDEM accelerator.

Target of 241pam {100 p.g/cm2 in thickness) was prepared by
electrodeposition from organic scolution of the americium nitrate. The
americium target was located in a reaction chamber of He-jet rapid
transportation system and bombarded by 12¢ beams of energy 80 Mev (on the
target) at intensity of 600 enA. Details of the experimental procedures
were described in the previous report.l)

The result of the measurement of alpha-rays from 2504d (half-life
52s8) and 249Mqg (24s) produced by the 241An1(12C,3r1)250Md ana
241Am(12C,4n)249Md reactions respectively 1is shown in Fig. 1. The EC-
decay daughter 24%Fm (2.6min) of 449Md was detected, but the daughter
250pn {30min) of 2504 after EC decay has too long half-life to be
detected in this experimental condition. The accumulation of the alpha~
ray counting has been continued this year. Bowever, it is not still

enough to reveal the details of the decay schemes of 249Md, 250Mg and

_.,,87 -
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249pyp and the cross sections of the formation reactions. We expect to
accumulate more alpha-ray counting by preparing another thicker 241pn
target.
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Fig. 1 Alpha-ray spectrum measured by means of a He-jet
transportation and meving-tape system. The duration and the

cycle for the collection of reaction products and the alpha-ray

measurement were 25 s and 720 times, respectively.
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4.6 SEPARATION AND IDENTIFICATION OF HNEUTRON-RICH RUTHENIUM
TSOTOPES FROM HEEAVY-ION REACTIONS BY MEANS OF THE FAST ON-

L.INE SOLVENT EXTRACTICN SYSTEM SISAK

Nobuo SHINOHARA, Shin-ichi ICHIEAWA, Masaakl MAGARA,

Kazuaki TSURADA*, Tsutomu CHTSUEI*

Department of Chemistry, JAERI, *Department of Chemistry,

Tokyo Metropolitan University

Introduction

An on-line chemical separation system, which consists of a EC1l/He
gas-jet recoil-transport systeml) (abbreviated to HJRT) and a centinuous
multistage solvent extraction system SISAK (Short-lived Isotopes Studied
by AKUFVE technique),z) has been applied for the identification and
investigation of short-lived isotopes of neutron-rich ruthenium in the
spontaneous fissionjof 252¢f and the proton-, 12¢- and_lQF—induced
fissions of 23%Th, 233,235,238y, 237Np and 2%%pu targets. In this
report, the decay data for y-rays following the f~ decay of short-lived

107-1125y are presented.

Experimental

rFigure 1 shows the schematic drawing of the SISARK experiment for
the fast separation of ruthenium. The fission products collected with
the aerosol particles in the helium gas were transferred to a static
mixer, where the carrier gas and a sulfuric acid solution containing the
ruthenium carrier (5x10‘5M RuClq/0.2M HyS04) were mixed thoroughly. The
helium gas was then separated by centrifuge {degasser, Dg in ¥Fig. 1).
Then, a solution of 0.015M Ce{S04)z/0.2M H2S804 preheated to about 90 °C
was supplied inte the dissolved solution in order +o oxidize the
ruthenium to RuQa. The liguid was then contacted with crganic solvent
of CCls in another static mixer and the mixture was fed into another
centrifuge (Cl in Fig. 1} to separate the organic and agueous solutions,
where the ruthenium oxide is isolated from other fission products by

extraction into (CClj. Gamma-ray measurements were carried out on the

organic solution after Cl using a coaxial HFPGe detector.
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noble
gases CCl 4(Ru04)-
22 a0 HPGe
C
___j’ 20 detector
252 E_- C1 >
= —
_F0C =5 90°C

02MHSO,  02MHSO, waste
5x10°M RuCl;  0.015M Ce(SO,),

Pig. 1 Flow sheet of the SISAK chemical separation system for the

fast separation of ruthenium.

Results and discussion

Table 1 gives the decay data on the ruthenium isotopes. The 107Rru
isotope has a half-life of 3.75 min, which is most reliable from
evaluating the values from Refs.3:4,5) when normalized to 100 % for the
194 .4-keV y-ray, the relative intensity Zfor the 462.9 keVv y-ray is
36.449.1 %, which almost agrees with 35211 % by Kaffreil et al.®) rather
than 42 % by Franz et al.3) The absolute intensities, Iy in Table 1,
were obtained by taking into account the y-ray yields of 252¢cf fission

gi&en by Wilhelmy’) and the cumulative yields for the ruthenium isotopes

by Rider.8)

The half-life of 1P8Rru, 4.55 min, is too long for the rapid separation
as well as 1U7Rru. Therefeore, only a y-ray of 165.02 keV was detécted in
this work. Another reliable y-ray from_lOBRu is 150.46 kevV one with the

relative intensity of 2811 % when the intensity of the 165 keV y-ray is
normalized to 100 %.°)

The half-life of 10%ru is 34.5t0.1 s. In our work, 13 y-rays from
108y were observed and their energies and relative intensities have been
determined, where the relative intensities of the 194 kev and 250 keV y-

ray were corrected for the contribution of other Ru and Rh isotopes.
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Table 1. Energies and intensities of gamma-rays following the g~
decay of 197-112gpy. 2}
Isotope Tl/zb) Ey Relative yield Relative intensity 1<)
(s) (keV) /fission (cps) (%) (%)
this work rRef.3d)

107ge  225(3) 194.40(28) 2.65(29) 100(11) 100 10.3(8)
4162.93(8} 0.96(22) 36.4(91) 42

108ry  273(3) 165.02(7) 6.28(29) 27.8(28)

109z, 34.5(1) 116.39(13) 6.11(96) 29.4(47) 34.1(32)
184.03(29) 1.16(58) 5.6(28) 6.6(4)
194.40(9) 2.29(37) 11.0(18) . 5.1(6)
206.38(2) 20.77(71) 100.0¢34) 100
220.16(16) 1.92(32) 9.3(16) 10.4(15)
226.05(3) 15.84(87) 76.3(49) 78.1(6)
245.06(9) 1.87(39) 9.0(19) 7.6(7)
249.65(17)9) <1.06(%) <5.1(15} 3.5(10)
358.78(3) 12.07(48) 58.1(30) 59.8(35) 16.4(24)
366.39(14) 1.01(24) 4.9(12) 7.0(12)
426.56{9) 8.14(67) 35.2(35) 45.6(45)
465.34(22) 2.12(45) 10.2(22) 11.6(15)
819.21(18) 2.93(44) 14.1(22) 20.0(16)

11Cpy  12.0(1) 96.04(20) 1.30(34) 6.1(17) 6
112.51(6) 21.2(13) 100.0(61) 100 15.8(44)
373.6B(4) 2.55(36) 12.0(17)

Illgy  2.12(7) 211.61(6) 5.96(84} 54.0(82)
249.65(17) <1.06(30) <9.6(28)
303.63(6) B.28(66) 75.0({73) 20.7(41)
381.40(4) 11.04(61) 100.0(55)

112gy  1.75(7) 326.82(5) 7.2(4)

alyncertainties of the values are given in parentheses.

D)reliable half-lives taken from Ref.?) for 107gy and 108Ru, Ref.12),

for 10%gry and 110Ru, and Ref.10) for 111gy and 112gy,

C)absolute intensities of the g-rays calculated with percent yields of

the y-rays per fission of 252cf from Ref.’) and cumulative yields of

the ruthenium isotopes from ref.8).

d}Overlapped with the same energy y-ray from 1llgy,

very few decay data of Ru exist in the mass region >110 and the

Refs.3,4,7,10,11,12) are only available to evaluate the decay

characteristics of the short-lived Ru isotopes. The half-life of '10Rru

is 12.0 s which has been determined by Skélberg.lz) In this work, the
detailed relative intensities of 110Ru were determined. The observed y-

rays with energies of 211, 250, 304 and 381 keV are assigned to the B~

decay of 11lgy according to ref.l0) and the half-life of 2.12 s is most
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reliable by evaluating the previous values.3r4,11) The relative
intensities for 1l!lRu are first determined in this work. The 326.82 kev
y-ray is assigned to 112pu and '9PrRh. The 263.5 keV y-ray from 113py10)
was not detected in our éxperiments, since the half-life cof 0.8 s for

113gy is short to our SISAX separation.
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4.7 BINARY SCISSION CONFIGURATION
IN THE FISSION OF %33Pa

Tsutomu OHTSUKI, Yuichiro NAGAME, Hiroshi IKEZOE",
Ikuo KANNO** Masaaki MAGARA™"

Kazuaki TSUKADA****, Ichiro NISHINAKA™™, -

Toshiaki SEKINE, Hiromichi NAKAHARA™*

Department of Radioisotopes, “Department of Physics,
**Department of Reactor Engneering,

***Department of Chemistry, JAERIL,

=***Department of Chemistry, Tokyo Metropolitan University

Recent data for mass and total kinetic energy distributions in the low energy
fission of the heavy nuclides such as ***Fm, **No, ***Md, ?60Md and 2No reveal the
existence of two types of scission configurations for the same symimetric mass division®?.

Understanding of the phenomena has been attempted by theoretical calculations of
the potential energy surface of extremely deformed nuclei which show two paths leading
to scission®?) in the fission of those heavy nuclides. The existence of two fission valleys
in the potential energy surface has also been predicted even for lighter actinide nuclei
and for pre-actinides by some theorists®® 7 although proper dynamical consideration still
remains to be given.

The aim of the present work is to study, by a time-of-flight method, velocities and
kinetic energies of fragments produced in the proton-induced fission of actinide, and to
investigate if there are two components in the time and kinetic energy distributions of
fragments with the mass region of A=126-132 where both symmetric and asymmetric

modes are expected.

The correlation between fragment mass and total kinetic energy has been measured
for the proton-induced fission of #2Th by means of a double-arm TOF spectrometer con-
structed at the JAERI tandem accelerator facility. The start detector was composed
of a carbon foil (30 pg/cm?® thick) and a micro-channel plate, and the stop signal was
delivered by a large-area parallel-plate avalanche counter (PPAC). The flight paths were
$2.0 cm and 60.7 cm and the laboratory angles of detectors were at 45° and -133.5 °
with respect to the beam direction. The target of *Th evaporated onto a 10 pg/cm?
carbon foil was bombarded with a 13 MeV proton beam. The calibration of {fragment

velocity was carried out using a 2*2Cf source.®?)
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The primary mass (before neu-
tron emission) of a fission fragment
was obtained from the ratio of the
velocities of the pair fragments with
assumptions that no neutron was
emitted from the compound nucleus
prior to fission and that neutrons
from the primary fragment were
isotropically emitted and. did not
alter the initial fragment velocity.
The primary mass yield curve for
232Th+p fission is shown in fig.1.
The characteristic {feature of mass
distribution is typically asymmetric
fission and the tegion for symmet-
ric fission is broad as expected. The
time distributions and the total ki-
netic energy. distributions(TKE) of
each of fragment masses are shown
in fig.2.  The binary structure is
clearly seen for the fragment mass
128-130.
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Fig.1 Fission {ragment mass distribution
of 2 Th-p for 13.0 MeV protons.

The slower component and the faster one are equivalent to the lower total kinetic energy

component and higher one. The results of two-Gaussian fitting are also shown in the

same figure. From the analysis, the kinetic energy for lower components is almost in

agreement with the Viola’s systematics’® and the higher one reaches to 187 MeV, and

the average difference between the lower component and higher one was almost 16 MeV

over the region A=127-132. In the spontaneous fission of the heavier actinide region,

the exastence of two TKE components has been reported by Hulet et al. and interpreted

as a liquid-drop-like deformed and a shell-influenced compact shape at scission point

is leading to the lower TKE component and the higher one, respectivelly. The present

result indicales that similar scission point configurations exist in the fission of light ac-

tinide region.
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4.8 EXTREMELY ASYMMETRIC MASS DIVISIGN
IN LOW-ENERGY PROTON-INDUCED FISSION OF 2**pu

Kazuaki TSUKADA, Nobuo SHINOHARA*, Tsutomu OHTSUKIT,
Keisuke SUEKI, Shin-ichi ICHIKAWA™, Takayuki KOBAYASHI,

Ichiro NISHINAKA, Michio HOSHI®, and Hiromichi NAKAHARA

Faculty of Science, Tokyo Metropolitan University,

*Department of Chemistry, JAERI.

Introduction

The krowledge of mass distributions is indispensable to the study of
fission mechanism. Asymmetric mass distributions were observed in the
low-energy fission of actinides (90<Z<100)*?) and their features have been
discussed regarding the peak and valley region of the mass yield curves.
However, few studies for the rare earth region (especially, A>150) have
been reported because of the lack of actinide targets and shortness of
half-lives of fission products. In particular, mass yield dependence on
the incident energy has been scarcely reporteda. In order to measure accurate
mass yields in this rare earth region, Iaﬁid chemical separation of the
reaction products is essential, considering short half-lives of the nuclides
to be measured.

A computer-controlled rapid ion-exchange separation system has been
developedq) and applied to the study of the mass distributions of short-lived
nuclides as a function of the incident energy of proton beams. The present
paper reports excitation functions of rare earth nuclides in the 10-16

MeV proton-induced fission of **Pu.

Experiments

A ?%2Cf source was used for testing the ion-exchange methodm: and then
fission products to be measured for the determination of mass yields were
decided. Table 1 shows the nuclides used for determination.

An electrodeposited 24py target was bombarded for 10-20 min or 1 h in
order to ensure adequate production of fission product. The incident proton
energy was changed from 10 to 16 MeV at the beam current of about 1.5 eud.
The fission products were caught with an aluminium catcher foil of 5.4

mg/cm2 thickness. The yields of main fission products were determined
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by directly 7-ray measurements. Rare earth elemenis were separated by
a computer-controlled rapid ion-exchange separation system. Dissolution

of the catcher foil and chemical separation were completed withir 20 min.

Results and Discussion

The fission yields were measured for 42 products in the p+2%Pu system.
The incident energy dependence in the range of 10 to 16 MeV is shown in
Fig.1. The mass ratios (@H/AL) of the complementary fragment pairs are
given in the figure, where the subscripts H and L denote the heavy and
light products. Mass yields of the extremely asymmetric division up to
Ag/AL=2.03 were measured in this work. The incident energy dependece of
the yields in the symmetric region was stronger than those in the outer
side of the asymmetric peak as shown in Fig.1. The ratios of cross sections
between the symmetric and asymmetric products are given in Fig.2, to show
the energy dependence more clearly. As the denominator, the average of
1410, and %3Ce cross sections was chosen. In the region of Ay/A;<1.15,
the ratios are less energy dependent, whereas the ratios in Ag/Ap>1.15
are strongly energy dependent.

Such a distinctively different energy dependence between the symmetric
and the asymmetric divisions suggests the existence of two fission barriers
leading to a hypothesis of "two independent modes"” by Turkevich et al.®.
in 1971, Pashkevich’) suggested theoretically that there could be two kinds
of saddle configurations in the fission of 2387, Konecny et al.® have reported
that in the fission of actinium the symmetric fission barrier heights are
higher than the asymmetric ones and that the asymmetric and symmetric fissions
proceed over their different saddle points. Experimentally, two types
of the mass distributions in the actinide region have also been observed®?,
where the energy dependence has been discussed near the peak top but no
excitation function in the extremely asymmetric mass division has been
reported. We have measured the excitation function for A=162 (Ag/AL=2.03).
The extremely asymmetric region has obviously a different energy dependence
from the symmetric region, but it has rather a similar dependence %o the
asymmetric peak top. - Thus, 1t may be concluded that the fission of the
extremely asymmetric region (Az/A=2.03) is dominated by the same mode

as the fission near the peak top.
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Table 1 Fission product 7y-decay data used in mass yield measurements.

Nuchide  Half-life ¥-1ay Nuclide Halflife -T2y
Energy Intensity Energy Intensity
(keV) (%) (keV) (%)
Emycy 4,48 h 151.2 75.1%£1.8 g, 12.75 d 537.3 24,4202
8TKr 76.3 m 402.6 49.643.1 1407, 40.28 h 1596.5  ©5.4040.08
8Ky 2.84 h 196.3 26.041.2 VilGe 32.50 d 145.4 48 4:40.4
flge 9.52 h 555.6 56.143.9 H21,, 1.32 kh 641.2 47.440.5
1024.5 33.4%2.3 M3, 142 m 620.5  2.3440.12
5; 271 h 1383.9 80,410 Hige 330h 293.3 42.840.4
3y 10.1 & 266.9  6.98:%1.24 e, 13.52 m 318.7 56.243.0
A £4.03 d 756.7 54.5+0.2 Lispy 241 m 453.9 48.0
7Ir 17.0 h 7434  94.75+40.30 1524.7 15.6
*TNb 721 m 657.9 98.39+40.20 17p, 136 m 314.6 24.0
Mo 2,754 140.5 4.574.24 14714 16.98 d 91.1 27.9
$omTe 6.01 h 140.5 89.06+0.24 531.0 13.140.7
Ry 30.25d 4971 90.9&2.7 H9Nd 1.73 h 114.3  19.0£1.6
105y 4.44 h 465.4 17.5£0.5 211.3 259414
1058 35.36 h 318.9 19.1£0.6 HIppm 2214 285.9 3.140.2
Wiag 7.45 d 3421 6.68 150 P m 2.68 h 333.9 68.£4
M3Ag 3.14 h 617.4 42.5 ISINd 1244 m 116.8 43.442.4
H3gay  537h 298.6 9.0 YIPm 2840 h 340.1 22.%1
1390c4d 2.23d 336.2 45.9£0.9 YAINg 11.4 m 278.5 29.%3
H7ecd 2.49 h 273.3 27.940.7 1535m 46.7h 103.0 28.340.6
1303.3 18.22£0.6 185em 22.1m 104.3 74.63.8
n'mad 336 h 1997.3 26.240.2 1585m 94 h 203.8 20.243.7
12795n 2.10 h 1114.3 38.46 156y 15.2d 811.8 G.7+0.8
1275 3.854d 473.0 24.740.9 1578 m 811 m 196.4 22.
685.7 35.3:£0.8 197.8 82,
133954 53.1 m 482.3 59.0%6.7 157gy 15.1 h 370.5 11.
12395} 9.01 h 754.0 100.+5 410.7 18.
1235 4.32 h 812.6 43,41 1S3y 45.9 m 044.2 25,
1317 8.02d 364.5 81.2 TSRy 18.1 m 85.7  2.58x0.71
132, 3.26 d 228.2 88.4:3 15934 18.56 h 363.6 10.8£2.8
13391 20.8 h 520.9 87.042.3 182034 9.0 m 441.8 52.43
138y 6.61 h 1260.4 28.940.2 1827y 7.76 m 260.0  80.0%3.76
135%e 9.08 h 2498 90.2+0.2 807.5  42.842.4
13%p, 1.38 h 165.8 22.041.0 163 T 19.5 m 389.7 24.3£2.9
MO0Tm 12864 84.3 3.240.3
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5.1 IN-BEAM STUDY OF IN-103

Tetsuro ISHII, Mitsuluko ISHII, Ymchl SAITO,
Mituo NAKAJIMA Masao OGAWA and Akiyasu MAKISHIMA

Department of Physics, JAERI, " Department of Energy Sciences,
Tokyo Institute of Technology, National Defense Medical College

Nuclear structure of the nucleus 109Sn is very interesting but this nucleus is located
too far from the f-stability line to produce. Neighbors of 105n, however, give a clue to
investigating the double shell closure. Thus far we have studied the nuclei 1965n and
1051111’2). The nucleus 1931In is another candidate of the nearest neighbors that we can
observe. We have studied its excited states by in—beam <-ray spectroscopy.

The nucleus 193In was produced by the reaction 48Ti(58Ni, p2n) 193In; a beam of 224
MeV $8Ni ions was provided by the JAERI tandem accelerator. The target was a 487Ti
foil, 1.0 mg/cm?, backed by a foil of natural titanjum, 5.4 mg/cm?, to stop the reaction
products. The Si box was employed to select the reaction channel by charged—particle
multiplicitys). Four Ge detectors, 30 % in relative detection efficiency, were employed
to observe 4—rays; three of them were placed at the bottom and the both sides of the
target, respectively, and the other at 20° with respect to the direction of the beam. The
y-ray anistropies were obtained from the y-ray intensities observed at angles of 20° and

90°.
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Fig.l Gamma-tays emitted from 103]n.
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Candidates of transitions in the nucleus 19%n were picked out from the p—y specirum
with multiplicity M=1; their energies were 315, 815 and 1273 keV. Fig. 1 shows a
p—y— sum spectrum over the gates set on these transitions. In the present experiment,
five transitions in cascade have been observed. The 1273 keV y-ray is the strongest
among them and shows the anisotropy of quadrupole type transition. Its energy is close
to 1342 keV, the energy of the 13/2++9/2+ transition in 195[n. Furthermore, the 522 keV
4-ray is of quadrupole type and 315 keV ~-ray of dipole type. On the basis of these
facts, the level scheme of 103In shown in fig. 2 has been built. For comparison the level

scheme of 105In are depicted there also.
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Fig.2  Level schemes of 1%3[n and 195]n.
The transition energies are given in units of keV.
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5.2 LIFETIMES OF EXCITED STATES IN IN-105,107

Tetsuro ISHII, Mitsuhi}];:o ISHII, Yuichi SAI’I;(E,
Akiyasu MAKISHIMé* , Mituo NAKAJIMA
and Masao OGAWA

*
prartment of Physics, JAERI, National Defense Medical College,
Department of Energy Sciences, Tokyo Institute of Technology

We have measured the lifetimes of the 19/2* and 17/2* states in !°1%"In by the
recoil distance method. The nuclei °#°7In were produced by bombarding *°Fe, 0.4
mg/cm?, with a beam of 200 MeV %¥Fe ions. The Si boxl) helped us to select the
reaction channel emitting three protons. The Si box was divided into halves, between
which a simple plunger was inserted. The level scheme of 1%°In had been built
previously by the authorsz) and that of 1°"In by Andersson et a1.3) In the present
experiment, the halflives of the 19/2* and 17/2* states have been measured:

T,/5(19/2*) = 6(3) ps and T4/5(17/2*) = 0.20(10) ns for **In
Tyf5(19/2+) = 28(8) ps and Ty/5(17/2¢) = 1.1(3) ns for 107

The 19/2* states in both nuclei possess almost the same B(M1) values. The B(E2)
values of the 17/2* states in 1°®1%7In are similar to those of the 6* states in the nuclei
106:198Gy regpectively. This suggests that the ground state band in 195:107Tn has the
configuration: the proton hole (7ge/2) ! coupled to the core 166:108Gy  respectively.

References
1) M. Ishii et al.: in Nuclei off the line of Stability( ed. R. A. Meyer and D. S. Brenner,

A.C.S., Washington D.C., 1986) p.350.
2) T. Ishii et al.: JAERI-M 89-119 (1989) 165.
3) E. Andersson et al.: Phy. Rev. C 24 (1981) 917.
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5.3  YIELD OF COULOMB EXCITATION OF THE UNSTABLE
NUCLEUS /0

Masumi OSHIMA Shin—ichi ICHIKAWA Ymcln
HATSUKAWA, *’I‘suneyasu MORIKAWA Byung—.] oo MIN,
Yasuyuki GOJE\:{Q* Takeshi MURAKAMI Eiggshrge
KUSAKARI, and Masahiko SUGAWARA

Department of Physics, JAERI, Department of Chemistry, JAERI,
Department of Ii&drorsotopes JAERI, RIKEN Wako—shi,
Saitama 351— 01, Tokyo Institute of Technology, Oh—okayama,
Meguro, Tokyo, M Faculty of Educatron Chiba University,
Yayoi—cho, Chiba 260, and . Clnba Institute of Technology,

Shibazono, Narashino, Chiba 275

We have previously reported the first observation of secondary—beam Coulomb
excitation (COULEX) for an unstable nucleus k. 1) An important point of this
method is that electromagnetic matrix elements can be extracted directly by
measuring the COULEX yield. In order t0 establish this method we undertook an
experiment to measure the COULEX yield in an absolute basis.

At first we describe briefly the experimental method. The expenmentai setup
used is shown in Fig. 1. The inverse reaction, %Be (TOGe 3n) 76Kr, was chosen to
produce the secondary beam of 8% 1. The 310-MeV 70 OGe beam was delivered by the
tandem accelerator. The beam intensity was approxrmately 1 particle nA. The first
and second targets were self—supporting foils of 98¢ and 298pb with thicknesses of 0.94
and 2.0 mg/ cmz, respectively. Under these conditions, the kinetic energy of the 76 bx:
secondary beam was estimated to be 3.1 MeV/u. A y-ray multiplicity filter placed at
the first target position discriminates fusion events from COULEX or decay events
there. The primary— and secondary—beam particles scattered by the second target were
detected by four sectored plastic scintiilators. Four germanium detectors at the second
target position detect -y rays from the second target. The triple coincidence
(multiplicity filter—plastic—germanium) selects fusion residues which are Coulomb
excited by the second target and hit the plastic scintillators.

- By measuring the absolute v yield of "0k ; with a Ge detector placed at the first
target position, the secondary—beam intensity was derived to be 4.4- 105 particles per
second with the primary beam of 1 pnA: the ratio of the intensities i.e., conversion
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Fig. 1. Schematic view of experimental setup for secondary—beam COULEX

experiment.
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Fig. 2. (a) A spectrum corrected for Doppler shift. Two types of gated spectra were

' summed which correspond to different configurations of plastic and germanium
detectors. The different Doppler shift corrections for the spectra cause double
peaks for accidental—coincidence events. (b) A background spectrum obtained by
setting a gale off the prompt peak in multiplicity filter and plastic coincidence.
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efficiency from primary to secondary beam is 1.6- 107, The reaction cross section was
extracted to be 660 mb, which can be compared with 410 mb obtained by ALICE
code.z) From the counting rate of the yray multiplicity filter, the detection efficiency
of the filter was determined to be 73 + 13 %.

Recoils by evaporated neutrons and multiple scattering in the first target cause
angular spread of the secondary beam. We have measured a ratio of the secondary
beam hitting the secondary target with a size of 20 mm¢ by a catcher—foil technique.
Firstly total reaction products produced in the first target were accumulated on an Al
catcher foil placed just behind the target. Secondly the recoiled products reaching at
the second target were collected on another foil which replaced the second target. The
decay —rtays from 5% 1 on the two foils were measured off-line to give relative yields
of 9K, Thus, the ratio of the secondary beam hitting the second target was |
determined to be 39 = 3 %. In the inverse kinematics, the angular spread due to the
multiple scattering is small as compared with the recoils by the evaporated neutrons,
so that the loss of the secondary beam is brought about by the latter.

The energy of the 0% is calculated to be 237 MeV from the reaction kinematics
and average energy loss in the first target. The differential COULEX cross section is
calculated by Winther de—Boer COULEX code 3) by using the known B(E2; 0 - 2 )
value ( 0.56 e2b2).4) The cross section of 3.2 barn is obtained from integration of the
differential cross section from 19° to 517, which-is the angular range covered by the
plastic scintillators. Since the cross section of 47 excitation is less than one tenth of
that of 2t excitation, it is negligible. From product of the above quantities, the
photopeak efficiencies of germanium detectors and the measuring time, we expect to
obtain 410 + 110 counts for the y-ray yield of the secondary beam COULEX. The
largest uncertainty of the estimation comes from the estimation of TGKI yield, which
can be reduced in a future experiment. The expected y—tay yield can be compared with
the experimental yield of 360 = 80 counts. They agree within the experimental
accuracy.

This technique of the secondary—beam COULEX will be applicable to unstable
nuclei with lifetimes longer than » 20 ns which corresponds to the flight time between
the first and second targets. By using this technique it becomes possible to obtain
B(E)) value and to test nuclear models in a much wider region of nuclei than possible
today. The objective of such study includes isomers as well as ground—states of
unstable nuclei. Nuclear deformation above isomers, which has been rarely known so

far, provides important information on nuclear shape evolution above isomers.
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5.4 GIANT DIPOLE. RESONANCE AT FINITE TEMPERATURE

Kazuyoshi FURUTAKA, Takeshi MURAKAMI, Jirohta
KASAGI, Akira YAJIMA, Masumi OHSHIMA®,
Shin-ichi ICHIKAWA®, Shuniji NIIYAP and Hideki
TOMINAGAC

Department of Physics, Tokyo Institute of
Technology, @Department of Physics, JAERI,
bpepartment of Physics, Kyushu Univ.,

Cpepartment of Physics, Hiroshima Univ,
P Y

Studies of the giant dipole resonance (GDR) on highly
excited nuclei provide direct information on the coupling
cf the GDR to flqctuations of the nuclear surface, and size
and strength of the average potential at finite
temperature. In our previous workl), analyses of decay Y-
rays from hot nuclei indicated that the width of the GDR
increases drastically as the excitation energy (Ex)
increases above Ex ~ 100 MeV. On the other hand, it has
been discussed?) that the increase of the width for Eyx <
150 MeV is mainly due to the effect of the angular momentum
and dependence on the thermal excitation energy is rather
weak . Thus, further experimental studies are highly

desirable to solve the discrepancy.
We have measured the GDR decay Yy-rays as a function of

Y-ray multiplicity as well as excitation energy, in order
to study both effects, the spin and the exctation energy,
separately. The experiments were carried out at the Tandem

Accelerator Facility at JAERI. Gamma-rays were measured in
the 325+100Mo reactions at incident energies (Ej) of 150,
180 and 210 MeV, corresponding to Ex of 80, 103 and 125
MeV, respectively, in 132¢e. Angular momenta brought into
compound nuclei can be deduced from the y-ray multiplicity

data. High energy Y-rays were detected with a large BaFp

detector consisting of 7 hexagonal crystals, placed at 3S09.
The Y-ray multiplicitiy associated with the high energy Y-
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we plot the values of I' versus Eth, instead of Ny. As
seen, it can be said that I' is a smooth function of Eth. r
depends slightly on Eth for Eth < 100 MeV, but increases
very rapidiy for Eth 2 100 MeV. The present observation

supports our previous interpretation described in ref. 1).
Systematic studies upto Etp ~ 150 MeV are highly desirable.
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INELASTIC SCATTERING

Hiroshi FUJITA Norihisa KATO , Tsuyoshi SUGIMITSU Takumi
OKAMOTO Makoto MATSUO Takashl MUKAE S]llILlCh_l MITSUOKA
Yasuharu SUGIYAMA Hll‘OShl IKEZOE , Kazumi IDENO a.nd Yosluakl

TOMITA

Daiichi College of Pharmaceutlcal Sciences, Department of Physics,
Kyushu Umvermty, Department of Physics, JAERI

It has been recognized that the 4—decay in flight of an excited nucleus broadens the
line width in the momentum (or energy) spectrum of the decaying nucleus. The momentum
shift due to the ~y—recoil is the counterpart to the well known Doppler shift of y—ray from a
moving source. The shape of the line is determined by the angular distribution of the
emitted y—ray which has a characteristic pattern for each magnetic substate m.
Characteristic line shape has been observed where a high momentum resolution has been
achieved, and m—substate population has been obtained by unfolding the spectral)

So far we measured the spm1 ;.hgnment of the 3~ (6.13MeV) state of 100 excited
f

through the inelastic scattering o C+160 in an energy region of known resonances

around E -—20MeV using a particle—y angular correlation technjqueg) A population of

m=+3 magnetic substates was dominant at four resonance energies of 19.7, 20.5, 22.0 and
22.6 MeV. This result was qualitatively reproduced by the band crossing model 3) which
described the dominance of the aligned configuration in these resonances. We measured
also the excitation functions of the mutual excitation channels of 12C(2+)+1'30(3j and
1.‘2()(2+)+160(1“,2+) in the energy range of E__=18.5 to 32.2 Mevd. A prominent

iniermediate structure was observed at 'Ecm:BZMeV in the 12(3(2"’)-{—160(3_) channel.

The purpose of the present experiment is to clarify the physical processes that underlie the
intermediate structure.

- In the present experiment, we measured a spin alignment of an excited 120(2+;
4.44MeV) state in a single 12(](160,120(2_*"))160 and a mutual
12C(160,12(](2“+"))160(3—) excitations via a y-ray recoil method. The experiment was
carried out at JAERI tandem accelerator. We took an advantiage of the reversed kinematics
for backward angle measurement by bombarding a 12¢ target (50ug/ sz) with 190 beam.

Momenta of 2C were measured with the heavy—ion magnetic spectrograph ”ENMA"5)
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Momentum spectra of 12C(2+) in single and mutual excitations were measured in the
range of laboratory angles from 4° 0 17° with a step of 1° at a laboratory energy of
75MeV (E cm=32.2MeV). Fig.1 shows typical spectra at Oap=" °. The left hand side of

the figure shows the momentum spectrum of 120 around Q—value of —5MeV and the right
hand side shows the one around Q=—11MeV. The line shape broadened by the y-ray recoil
is seen clearly for the 12C(2+) peaks. The angular distributions of m—substate population
of 120(2+) obtained from the line shape analysis are shown in Fig.2. The left hand side of
the figure corresponds to the result obtained in the single excitation of
12¢(160,120(2))160 and the right hand side is the result in the mutual excitation of
120(150,120(2+))160(3"). We compare the results with simple resonance model
calculations. The solid lines in the figures are calculated assuming single partial waves L
and 1’ for the entrance and exit channels, respectively. L and L’ are related by the aligned
coupling of L’=L—2 and L’'=L—5 for the single-and mutual excitations with
L=16,respectively. The data are reproduced well by such simple calculations.
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5.6 A STUDY OF ELASTIC AND INELASTIC COLLISIONS OF
58Ni+-9%7y AT NEAR-BARRIER ENERGIES

L.Corradi!, D.R.Napoli!, A.Dal-Bello*, A.M.Stefanini®, C.Signorini?,
Y .Sugiyama®, H.Ikezoe?, Y. Tomita®, K.Ideno®, H.J.Kim®?,
B.J.Qi*7, Y.Nagashima!, T.Masuda®, H.Fujiwara*, Yue Hu Pul,

Y. Tagishi?, T.Sugimitsu®,

1INFN-Laboratori Nazionali di Legnaro, 1-35020 Legnaro {Padova), Italy
2Dip. of Fisica, Universita di Padova and INFN-Sezione di Padova, Italy
3Department of Physics, Japan Atomic Energy Research Institute, Japan
4Tandem Accelerator Center, University of Tsukuba, Japan

SFaculty of Physics, University of Kyushyu, Japan

fon leave from Qak Ridge National Laboratory, Oak Ridge, USA
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Heavy-ion collisions at near the Coulomb barrier energies are important when
studying the interplay of nuclear structure and dynamics in determining the reaction
mechanism. The study of elastic scattering may give, in particular, valuable
information on the interaction potential and the relative importance of coupled
reaction channels. With the aim of extending our knowledge to rather heavy
systems, we have measured elastic scattering as well as the inelastic scattering
to the lowest-lying states of ¥Ni+%*Zr. For these systems, complete data sets
already exist!) about evaporation residue and quasi-elastic transfer cross sections in
the energy range near the Coulomb barrier.

The measurement of pure elastic scattering of heavy systems is a rather
 difficult task: several factors enter into play like e.g. strong kinematic energy
spreads, the limited energy resolution of conventional detectors, the necessity of
using very thin and homogeneous targets, the ability to discriminate reaction
channels other than the elastic one. For these reasons we have made use of the
heavy-ion magnetic spectrograph ENMA?® in JAERL

The 58Ni beams were obtained from the JAERI Tandem at energies of 232.5
and 247.5 MeV, and scattered Ni-ions and/or recoiling Zr-ions were analyzed by
ENMA and detected at the focal plane with good energy resolution (650-750 KeV)
as shown in Fig. 1. The spectrograph, through the combined effect of its magnetic
elements, effectively corrects for the kinematic energy spreads which typically are

2.3 MeV/deg. A clear separation is seen in Fig. 1 between the elastic peak and the
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low-lying inelastic excitations.

The angular distributions for pure elastic scattering of ®*Ni+%Zr are shown
in Fig. 2. A drop of the cross sections below the Rutherford limit is evident at
angles forward of the grazing peak which is clearly observed at both energies. This
is already an indication that an appropriate theoretical treatment of the data needs
taking into account explicitly the coupling at least the Coulomb excitation plus
inelastic scattering. Moreover, the experimental points at backward angles cover an
angular momentum range which overlaps with fusion and transfer channels and this
should give new information on the connections between the various processes. The
energy resolution allows us to obtain cross sections for the excitation of the lowest
2+ level of both projectile and target, at least for the ®Zr case. For the **Zr case,
the presence of the 2+ excitation at 920 KeV make it difficult to discriminate that
level from the elastic peak, especially at backward angles where the cross sections
are small and the statistics rather poor, due also to the use of very thin (10pg/cm?)
strip targets.

A comparison of the present experimental results with the predictions of
coupled-channels calculations, also in connection with the older data on fusion and
transfer, gives interesting insight into the reaction dynamics of these soft-colliding
heavy-ion systems. Fig. 3 shows the comparison of the pure elastic scattering
angular distributions with the calculations by PTOLEMY coupled channel code for
the system of **Ni+%Zr at two energies. The agreement between experimental
results and the calculation seems to be fine at 247.5MeV, especially coupled
calculation in which coupling to first 2% state is taken into acount predicts fairly
good in not ouly reaction region bui also pure rutherford region. On the other
hand, the calculation seems to be very hard to reproduce the results of experiment
at 232.5MeV. The detailed analysis is still under way.

Reference
1) F.Scarlassara et al. Z. Phys. A338 (1991) 171
2) Y.Sugiyama et al. Nucl. Instr. and Meth. A281 (1989} 512
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5
5.7 1ﬂC ~» 3a STUDY BY USING A MULTI-ARRAYED TWO-DIMENSIONAL
POSITION-SENSITVE DETECTION SYSTEM IN HEAVY ION REACTIONS

Kazumi IDENOl, Tsutomu OHTSUKIz’B, Yasuharu SUGIYAMAl,

Hiroshi IKEZOEl, Susumu HANASHIMAl, Yuichiro NAGAMEZ,

r

Hee Joong KIMl’4 and Bujia Qi

1Department of Physics, 2Department of Radioisotopes, JAERI, Japan

12

One attractive feature in the measurement of C - 3a decays for heavy

ion reactions is that we can determine the excitation energies of the emitted
12C fragment from kinematical correlations. This kind of measurements, called
a particle resonance_spectroscopyl), have a potential to provide unique
snformation on the relationship between mutual excitations of the emitted
fragments in the final stage of the reaction. Here the a-particles detection
system must cover a wide range of solid angles depending on the excitation
energies of the 12C nuéleus. For the excitation energies of 12C below 9 MeV we
use a multi-arrayed two-dimensional position-sensitive detection system2’3),
which covers an opening angle less than 20 degrees. For the higher excitation
energies up to 30 MeV, we use thié system for the detection of cne a-particle
and five sets of closely-spaced paired Si{Li) detectors for the detection of
the other two ajparticles decayed via 8Beg . nuclei. Fig. 1 shows a schematic
diagram of the multi-arrayed twoﬂdimensiAnal positicn-sensitive detection

1 . .
system. Measurements and analyses for the 60 + 6ON1 reaction at 90 MeV are

now in progress.
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5.8 CHARGED PARTICLE EMISSIONS IN FISSION PROCESS

Hiroshi IKEZOE, Naomoto SHIKAZONQ, Yuichiro NAGAME,
Tutomu OHTSUKI, Yasuharu SUGIYAMA Yosmkl TOMITA,
Kazumi Ideno, Tkuo KANNO, H.J. K1m , B.J. Ql and

Akira IWAMOTO

Department of Physics, JAERI

1. Introduction
The time scale of fission process has been extensively studied by measuring neutron

emitted before scissionl’z). Experimental results that pertain to pre—scission neutrons

suggest that the fission process is so slow that about two times as many neutrons are
emitted than the statistical model predictions. Charged particle data associated with fission
are tather scarce at low excitation energy region (40 ~ 120 MeV). Thus we have measured
pre— and post—scission charged particles (proton and a particles) for the g 4 18lpy

197A 208Pb 288 + 197Au, 208Pb and 16O + 1Q?Au reactions.

b

2. Experimental Methods
Fission fragments were measured at backward angles (f; = 105 ~ 160 deg.) by two solid
state detectors (thickness of 60 um and active area of 300 ~ 400 mm?) which sustained large

solid angles (50 ~ 60 msr). Light charged particles were measured by four solid state AE-E

detector telescopes in coincidence with fission fragments. Thicknesses of AE and E detectors
were 30 um and 2 mm, respectively. These detector telescopes were placed in and out of the

reaction plane.

3. Experimental Results
Energy spectra of charged particles measured in coincidence with fission fragments

show a low and a high energy components. The low energy component corresponds to the
charged particles emitted from excited fission fragments (post—scission emission); the high
energy component corresponds to the charged particles emitted from compound nucleus
(pre—scission emission).

The energy spectra for the pre— and post-scission emissions were calculated by using
the statistical model code Pace23). Although the calculation reproduces the shape of pre—
and post—scission energy spectra very well, the calculated pre-scission emission energies
are systematically higher both for the protons and « particles: if we shift down the energies
by the amounts of 4y and Ac for protons and « particles4), respectively, the calculation
reproduces both the shape and position of the experimental pre—scission spectra. The
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shifting down of energy necessary to fit the data implies a reduction of emission barriers
which is a common feature of charged particle evaporation from excited nucleuss).

The pre—scission multiplicities for proton and o particle were obtained by integrating
the out—of—plane angular distributions. The results are shown in Fig. 1 and 2 as a function
of U {compound nucleus excitation energy).

The pre—scission multiplicities were calculated using Pace2 taking into account the
observed energy shifts4). The level density parameter was assumed to be Acn/10, where
Acp is the mass number of the Compound nucleus. Calculations with the ratio of level
density at saddle point and ground state af/ag = 1.00 (dashed lines) and 1.02 (solid lines)
are shown in Fig. 1 and 2. The overall agreement between the data and the calculated
results is good within the range of ag/a, = 1.00 ~ 1.02. The systematical deviation from the
present statistical model calculations as reported in the analysis of the neutron
multiplicity2) is not observed in the present excitation energy regions.

The post—scission proton and « particle multiplicities were obtained by assuming
isotropic emissions in the rest frames of fission fragments and are shown in Fig. 3 as a
function of U. The observed post—scission multiplicities increase with U, especially for the
heavy reaction systems where the post—scission multiplicities are 2 ~ 3 times larger than
those of lighter systems. This may be due to the fact that the effective Q—value for the
symmetric mass division, Qerr = Q — TKE, is larger for heavier systems and the Q-value
for the charged particle emission from fission fragment is also larger for heavy fragments.

4. Discussions _

The present statistical model calculation using Pace2 does not take into account
following time regions: the transient time 7, during which fission width reaches a stationary
value at saddle point and the saddle—to—scission time 7ggc. Pre—scission charged particles,
as well as neutrons, can be emitted in the both time regions. The o particle emitted in the
descent from saddle to scission may be concentrated in the direction (f; = 90 deg.)
perpendicular to the emission direction of fission fragments. This is due to focusing of «
particle trajectories in the strong Coulomb fields of two fragments, and focused « particles
may be identified as ternary events. It turns out that the pre—scission « particles, which do
not show such focusing at 6, = 90 deg., may be attributed to emissions during the transient
time 7,. The emission during a finite 7; should result in excess particles compared to the
statistical model calculations because of the fission hindrance in this time period. The
upper limit of 7y is obtained from the present data as about 10720 sec when af = a, =
Acn/10 is assumed.

As reported in Ref. 2), if the all observed pre—scission neutrons are emitted during the
transient time 7y, the long transient times of few 10720 to 10-18 sec are required to
reproduce the observed pre—scission neutron multiplicities. This time scale is longer than
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the present results and suggests that the excess neutroms over the statistical model
- predictions may be emitted during the saddle—to—scission region. '

As shown in Fig. 3, the post—scission charged particle data show the steep increases
with U. This trend is inconsistent with the post—scission neutron data which are roughly
independent of U 2). The observed post—scission neutron multiplicities indicate that the
average excitation energy per fission fragment is about 25 ~ 30 MeV. The Pace2
calculations for symmetrically divided fragments predict rather small values {~ 0.005 to ~
0.01) of the post—scission charged particle multiplicities for the present reactions with such
low excitation energies. Alfhough these calculations do not agree with the data, it should
be noted that the Q—values for the proton and the a particle emissions from fission
fragments increase with the fragment mass number. The emission probabilities of the
charged particles are therefore sensitive to the excitation energies of heavy fragments which
may be different from those of symmetrically divided fragments. Thus, it is necessary to
get more information about the relations of the charged particle emission to the fragment

mass numbers and the total kinetic energy.

: On leave from Oak Ridge National Laboratory, Oak Ridge, TN 37831, U.S.A.,
*
On leave from Institue of Atomic Energy, Beijing 102413, China
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5.9 DOUBLE y PHONON EXCITATION IN y SOFT NUCLEI
Michiaki SUGITA

Department of Physics, JAERI

Using the interacting boson model-2 (sd-IBM-2), double 7y phonon excitation is
investigated.

Low lying excited bands of axially symmetric nuclei can be understood in terms of B
and 7y vibrations. The double y phonon state of these nuclei appears in an energy region (~
2MeV) of two quasiparticle states. It has not been known how strongly these quasiparticle
states couple with the double phonon state. When strong coupling, the double phonon state

cannot be observed experimentally.
In so-called vy soft nuclei, the ¥ band lies in a relatively low excitation energy ~500

keV so that the influence of the quasiparticle states is negligible. However, it is not evident at
all that the B and ¥ phonon f)icture does hold for such nuclei .

The present investigation aims at clarifying band structure of the ¥ soft nuclei in terms
of B and y phonons by use of the interacting boson model (IBM). The IBM is used in
explaining several collective phenomena in rare earth nuclei. One of the characteristics of the
IBM is that it is rotationally invariant and its hamiltonian can be solved exactly. Therefore
one can discuss the y soft nuclei, getting rid of inevitable ambiguities encountered in theories
constructed within the intrinsic frame.

Since the IBM in itself does not contain B and vy variables within its framework, some
procedure is necessary to see phonon structure of the IBM wavefunctions. In a present
study, we take the procedure of using the intrinsic state and angular-momentum projection.
We introduce there a reference state which is axially symmetric and a bose condensate, and on
which state the phonons are built. We use Tamm-Dancoff (TD) approximation for
constructing the phonon states and restrict the number of phonons to two in the present study.

Calculations were done for the Os isotopes, one of typical nuclei soft against the 'y
deformation. We compare results of three calculations: the first one is the exact calculation,
the second is one-phonon approximation and the last is two-phonon approximation. We shall
refer to these three calculations as NPBOS, TDBOS and PHBOS, respectively. The energy
systematics of the excited /7=0% states are shown in Fig. la and those of 2y in Fig. 1b. In
the figures, the rectangular symbols are NPBOS, the dashed lines TDBOS, and the solid lines
PHBOS results, respectively. Fig. 2 shows probabilities of finding the exact wavefunctions
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in the corresponding approximate states. The third 0% in TDBOS is a member of the so-called
isovector excitation with Ex = 2~3 Mev, and is not drawn in the figures.

Present study shows not only PHBOS but also TDBOS are good approximations for
the P, v and ground bands of 184, 1860s, and thus indicates the axial symmetry of these
nuclei. Also, the quality of the TDBOS approximation decreases with A, reflecting the
ingredients of the nuclei towards the 7y softness. Even for AOs (4=188), the picture holds
with 90% probabilities that the ground band is axially symmetric and the Y band is the one
phonon excitation. However, TDBOS fails completely in describing the 0+(2) bands. Over
the current range of A, PHBOS is still a good approximation for not only the 0*(2) but also
the 0+(3) states. It turns out from the analysis of the wavefunctions that one f§ and two 7y
phonon states mixes in 0*(2) and 0+(3). Rather pure y phonon appearing in the 2y states and
double v phonon mixing in the excited 0* bands suggest a strong correlation between the B
and v oscillations occurring in the nuclear surface, although these two modes of oscillation are
usually considered rather independent.

We would like to say in the closing that the double v phonon states can be observed
experimentally in the low lying excited 0* bands of the 1y soft nuclei.
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5.10 SUBBARRIER FUSION AND
RENORMALIZATION OF OPTICAL POTENTIAL

AkiraTWAMOTO andKoji NIITA
Department of Physics, JAERI

1. Introduction :
To understand the mechanism of subbartier fusion cross section , we develop a new

formalism based on WKB approximation. Special interest is paid to the change of optical
potential caused by the coupling of relative motion to intrinsic excitation. Renormalization
of real and imaginary optical potential in classically forbidden region is calculated. This
potential will be helpful to understand the dispersion-relation interptetation of the
subbarrier fusion cross sectionl} . Our concemn is the general discussion of the potential
change and thus we use the one-dimensional model with simple coupling potential which

leads to a closed-form expression for the induced potential.

2. Formalism
Harmiltonian of the system is written as

H = Ho(r) + v(1,£) + h(©)
= { Ho(® + V(@O +iW@) } + { v(t,E) - V() - iW(@) } + h(n), (1)
where relative coordinate r is coupled to intrinsic coordinate € through interaction v(r,£).

Ho(r) is unperturbed Hamiltonian of relative motion, V(r), iW(r) are induced potentials
which will be fixed later, and h(E) is intrinsic Hamiltonian. The condition to fix V(r) and

W (r) is that

v(,E) = {v(,E) - V(@) -iW(@) } , (2

will give no effect on the elastic wave function.

Wave function is expanded as

¥ = Zeimx i), - 3)
whete
h(B)pi(E) = £i¢pi(6), @
and by definition,
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{ Ho() + V(1) +iW(n) } x = Ex . &)

Fot the wave function ¥ we assume
y@ (@) = V,I—Eexp( i[ kdr) , (6)
where the generalized momentum k is given by

k(r =i{2M(VO+V+iW-E)}1/2 , o

We solve the Schrédinger equation

HY =EY » (8)
in the tunneling region (II) shown in fig.1 .
We impose incoming-wave boundaty
condition at inner turning point a. c¢f. ¥ is

given more explicitly as

ey = oty +e1 0 (9)

where increasing (+) and decreasing(-)

components appear.
We assume a so-called adiabatic

approximation written in the form | Fig.1

| (ho + [V D/ (V0+V+iW—E)] <<1 .10

If we put
¥ =y My cipp=x (N, (D

we obtain the equation written as

dd ..

dP - B (b +V(55) @, a2)

=

where m is the mass parametet for the intrinsic excitation. If we further assume the linear

coupling to intrinsic state
V(D) = &, ‘ (13)

the basic equation can be solved in closed form.
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4. Solution
If the above conditions ate satisfied, the coherent-state technique can be applied to

solve the equation. When the wave function is in its ground state at the outer turning
point b, the subbasrier wave function is expressed in the form2)

(B) > (14)

3

= eAE

where A and B are given functions. We impose the condition

dep() _ 5
—5 0, (15)

which means that the ground-state wave function is expressed in the WKB form with

complex momentum. This condition leads to the equation

r

- Lo = mo( 1 0 gy gm0 [ Lar
V+1W2hco 2h ——f(r) exp { & fkdr}x dr —~exp{ - /hfkdr}’(lé)

which is the equation to determine V and iW.
When f(£), the form factor of coupling potential, is assumed constant, the right-hand-

side can be calculated analytically to give

V+iw-’li;&:-_(f) (1- exp(m‘”[idr} , (17)
b
whete the factor .
H2 £ 18
Zm(hw) (1%

is the “adiabatic energy lowering”.

5. Numerical Calculation
Numerical calculation of the integral equation by iteration method were performed. Fitst
guesses of V and W are inserted to the right-hand-side of Eq.(16) to calculate the second

iterative solution. This procedure is continued till the solution converges to a definite

value.

‘What was unexpected was that imaginary potential iW is identically zero when energy is

below the real potential!l
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We show in Fig.2 an example of real potentials for 58N1 + 58Ni subbarrier fusion
reaction, Center-of-mass energy is 93 MeV which is about 8 MeV below the fusion
barrier for the system.

Solid line is the unpertutbed
potential, the dot-dashed live is the
renormalization of the potential and the 100 5
long dashed line is the total potential, I
The form factor of the coupling
potential f(r) is shown in arbitrary unit
by dotted line in the lower part of the 50 |

105 (e T e

55

(MeV)

figure. In this case, the tofal potential %

shows double-humped shape and in o 85 b 1
addition to the reduction of the barrier + ) ]
height, the position of the main peak 80 ]
shifts to larger distance. This fact may i 1
support the macroscopic neck- 15 bttt
formation model 3) where the shift of R (fm)

the barrier position to larger distance Fig.?

occured in all cases treated.

6. Summary
1) Induced potential is real and no imaginary component is induced. This means that in

the classically forbidden region, imaginary potential which expresses real excitation of the
‘ntrinsic state never appeats. On the other hand, real potential which expresses virtual
excitationappears naturally.

2) Our method of potential renormalization calculation is very simple and reliable, which

can be used to understand the qualitative feature of the subbattier fusion cross section.
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6.1 YFASUREMENTS OF NEUTRONS GENERATED BY D INCIDENT ON THICK LI
TARGETS

Hasayoshi SUGIHUTH Yoshlmaro YAMANOUTI, Satoshl CHIBA
Kenji NUDA iYoshlo KATANB Klyoyukl SHIBA
Yoshio KATO ,Yukinobu WATANABE

*
Department of Physics, JAERI Department of Fuels and
¥aterials Research, JAERI, Department of Energy Conversion
Engineering, Graduate School of Engineering Sciences, Kyushu

University

The energy and angular neutron production yields from the d+thick
target at Rd=8,16,24, and 32 MeV were measured for natural Li metal and for
the Li salt targets. For the lowest energy case, it was found that the
molecular beam can prov1de the best quality of the pulsed deuteron beam.  The
results were compared with the simple models and the meutron energy profile

and the energy integrated yield were well described by them.

Introduction
Energy Selective Neutron Irradiation Test Facility (ESNIT) pr0posed by

JAERI can generate the high energy and high intensity neutron irradiation
field for the materials researchesl . The obtained neutron energy spectra
can be varied by changing the incident deuteron energy of the d+Li neutron
producing reaction, from 10 to 40 HeV. For the design studies of the
facility, It is necessary to get the precise information about the neutron

emissior spectra from the d+Li reaction at these energies.

Tn the present work, we paid much attention on the "high energy tail"
component (above 20 MeV) and the lower energy part (1-5 MeV region) of the
neutron spectra, where the literatures show the inconsistent results.

Experiments
The experiments were carried out at the JAERL tandem accelerator using

a high energy neutren time—of-flight spectrometer.  The deuteron beam was
produced by three methods: (I} a negative D~ ion source at the external
injector deck {Ed=31.91 and 23.80 MeV), (2) a D" ion source at the terminal
deck (Fd=15.85 MeV) , and (5} a D," ion extraction using the same ion
source as for the method (2) (Ed=7.77 MeV). For the lower energy
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deuterons, the molecular beam acceleration provides the best results on the
intensity and the quality of the pulsed beam{e.g. pulse width), because all
accelerator columns should be used to gain the sufficient focusing force in
the acceleration, and the particle of mass four (D2+) requires the lower
bunching amplitude than that for D*. These result in the stable operation
and the good transmission through beam line.

Two targets were used: (a) a natural Li and (b) a Li salt (LiF —BeF,
~NaF) melted into cylindrical containers (10mm¢ x 30mml) in the argon
atmosphere.  The salt target was proposed by one of the authors (Y.KATO)
to avoid the difficulties of the handling of the liquid lithium.

The neutron time of flight spectrometer has a 8 m flight path length
with the platform rotatable from 0o to 140c, and the large volume neutron
detector (VLD)s, filled with 10 ¢ NE213 liquid scintillator. In the
present measurements, we used one of four VLDs to measure the neutrons with
energies above 12 MeV, and a standard 2 in.¢ x 2 in. NE213 detector, which
vas placed at 3 m flight length in the collimator shield, for the lower
energy neutrons. The detection efficiencies of these detectors were
calculated by the Monte Carlo simulation code. Since the calculated
efficiency for the standard size detector, whose bias was set to 600keV,
reproduces the absolute efficiency around 35MeV, we employed the yields
obtained by the standard size detector as the absolute data. Those
obtained by the VLD were normalized at 12MeV, above which energy the
relative efficiency of VLD was relatively flat, up to 5OHeY.

Seven data sets of the energy and angular distributicns (Li metal at
Fd=8,16,24,32 MeV and Li salt at Ed=16,24,32 MeV) were obtained for En=1 —
50 MeV and for #=0" — 140°.

Results
Fig. 1 shows the results for Li metal at Ed=32 MeV and =0 — 140°.

The bump at En=13 MeV is disappeared at 0=30° or larger angles. The lower
energy part at 0° shows the rapid increase at En<3 MeV, however the
accuracy of the results at these energies is worse than the other part.
For the comparison of the high energy tail, fig. 2 shows the higher energy
part at the forward angles. Above En=30 MeV, we found the angular
distribution with the characteristic pattern of the L=1 stripping reaction
7Li(d,n)8Be(0*; g.s. and 2+2.9). The total yield obtained from the L1 salt
target at Ed=32 MeV and 0=0° is about 1/3 of that for Li metal, due to 1ts
large contents of the higher Z elements.  The high energy tail part shows
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the rapid decrease above 35 MeV for the Li salt, where the main
- .contribution comes from.the 7Li(d,n)SBe reaction. Fig. 3 shows the energy
integrated neutron yield for Li metal at all measured angles.

The energy integrated neutron yields at every deuteron energy are
vell represented by the simple formula: Y = 3.2 x 103 Ed 2.5 , which is
derived from the simple model analyéisz). The energy profile for the
deuteron breakup component can be predicted by two models: Serber model and
the QuasiFree Scattering (QFS) model.  The former model is usually used to
interpret the d+thick target reaction yield, however it has inherent

difficulty to represent the tail region. The QFS model shows the
preferable profile when we suppose the appropriate phase space
distribution. Tt is necessary to check for the energy profile using the

thin target geometry.

Conclusion
The energy—and-angular distributions are measured at Ed=8,16,24, and

32 MeV for the thick natural Li target and at Ed=16,24, and 32 KeV for the
. LiF-BeF,—NaF salt. The neutrons with En=1 — 50 MeV were measured at §=0° —
140° with a step, 5° or 10°. Ve observed no excessive low Energy
components referred in a few literatures, and the characteristic angular
distribution at the high energy tail. The good prediction energy
integrated yield with the function of deuteron energies can be derived by a
simple model, such as Serber model. The energy profile may be represented
by the Serber model, however the (FS model is preferred to analyze in

details
References
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6.2 SCATTERING OF 18.5 NeV NEUTRONS FROM °?Ni

Yoshimaro YAMANOUTI, Masayoshi SUGIMOTO, Motoharu MIZUMOTO,
and Yukinobu WATANABER

Department of Physics, JAERI,?Graduate School of Engineering

Science, Kyushu University

Neutron scattering is of special interest for obtaining direct informa-
tion on the nucleon-nucleus optical model potential and the collective
nature of the target nucleus. In the energy region above 14 MeV, neutron
scattering from 8@Ni has been studied only at energies of 14 MeV/1/ and 24
HeV/2/, therefore, there exists no experimental data in the energy range
between these incident energies. In this work differential cross sections
for elastic and inmelastic scattering of neutrons from ®?Ni were measured
at 18.5MeV, the mid ﬁoint of the energy region of no data, in order to
check the nucleon-nucleus optical model potential, direct reaction process
of the neutron scattering and the collective nature of the target nucleus
by means of the coupled-channel analysis. The experimental data obtained
in this work were analyzed by the phenomenological optical nodel potential
and the coupled-channel formalism, and compared with proton scattering in

the framework of the Lane model.

The measurements were performed with pulsed beam time-of-flight method.
A pulsed deuteron beam with repetition rate of ZMHz was provided by the
JAERI tandem accelerator. Neutrons of 18.5 MeV were generated by the
2Y(d,n)3He reaction. The ®PNi scattering sample of 38.67g with 99.79%
enrichment was used on loan from ORNL. Scattered neutrons were observed by
four 20cm¢ % 35cm NE213 liquid scintillator detectors for efficient meas-
urements. Fig.l shows a time-of-flight spectrum for neutron scattering of
62Ni taken at 60°

The relative efficiency of the neutron detector was determined by meas-
uring the angular distribution of the n-p scattering. Differential cross
sections were determined for the elastic scattering aﬁd the inelastic
scattering leading to the excited states at 1.332 MeV (2%} and 4.045 MeV

(37) of 8%Ni. The differential cross sections were measured in the angular
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range from 20° to 140° in 10° steps at the incident energy of 18.5 HeV.The
experimental cross sections are shown in fig.Z together with theoretical

predictions.

The elastic scattering data were analyzed by the phenomenological
optical model with the standard Woods-Saxon form. The compound nuclear
contribution estimated by the Hauser-Feshbach formalism is small compared
with the experimental cross sections at this incident energy.

The coupled-channel (CC) calculations based on the rotational model and
the vibrational model were performed with the codes ECIS79 and JUPITORL.In
the CC calculations optical potential parameters and the deformation para-
neters were adjusted to get the best fit to the experimental cross sec-
tions for the elastic and inelastic scattering.The parameters for the spin
orbit term were fixed in the calculations. The vibrational medel calcula-
tions well reproduced the experimental cross sections for ®2Ni.The results
of the CC calculations are shown in fig.-Z.

Proton optical potential obtained in the proton scattering for 52Ni/3/
was transformed into neutron optical potential in the framework of the
Lane model, and the ability to predict the present experimental neutron
cross sections was checked in the CC calculations. The same deformation
parameters as those obtained in the proton scattering were used in the
calculations. The values of the energy dependence and the Coulonb correc-
tion term were adopted from the global optical potential.

The CC calculations based on the collective model well described the
experimental elastic and inelastic scattering cross sections of neutrons
from ®?Ni in this energy region, and the best fit optical meodel potential
and the deformation parameters were obtained in the present analysis. The
optical potential transformed from the proton potential gives good fit to

the experimental neutron cross sections.
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6.3 MEASUREMENT OF DOUBLE DIFFERENTIAL CROSS
SECTIONS OF 25.6 MEV {p,xp) and (p,xd) REACTIONS
ON 98Mo

Yukinobu WATANABE*, Akira AOTO*, Hiroki HANE*, Yukinori
KANDA*, Yoshimaro YAMANOUTI, Masayoshi SUGIMOTO,
Satoshi CHIBA

*Department of Energy Conversion Engineering, Graduate School of
Engineering Sciences, Kyushu University, Department of Physics, JAERI

Double differential cross sections of 25.6 MeV (p,xp) and (p,xd) reactions on #8Mo
were measured to investigate preequilibrium process in nucleon-induced reactions. The result
of the exciton model calculation using the same parameters as those obtained from the analysis
for 10-20 MeV region showed overestmation at forward angles for the (p,xp) reaction.

Introduction
In nuclear reactions induced by several tens of MeV nucleon, the contribution from

preequilibrium process is observed in continuum spectra of particles emitted with forward-
peaked angular distributions. Systematic measurements of double differential charged-particle
emission cross sections have so far been performed for proton-induced reactions at 10 to 20
MeV in Kyushu University!). Through these experiments, the preequilibrium reaction
mechanism has beern investigated and the derived knowledge has been applied to the
evaluation of neutron nuclear data based on nuclear model calculations.

In the present work, the incident proton energy range is extended to 20-40 MeV using
JAERI tandem, and similar measurements of charged-particle spectra from proton-induced
reactions are planned for further investigation of the preequilibrium process. Since (p,xn)
spectra on Mo-isotopes have already been measured at 25.6 MeV2), we have carried out
measurement of double differential cross sections for the other exit channels (proton and
deuteron) in p + 98Mo reaction at the same incident energy. These measured (p,xp} and (p,xd)
spectra are analyzed simultaneously on the basis of the preequilibnium model such as the
exciton model and the SMD/SMC model.

Experimental Procedure

The experiment was performed using a 25.6 MeV proton beam from the JAERI
tandem accelerator. The proton beam was transported in a scattering chamber 50 ¢cm ¢ which
was newly installed in N1 beam line. It was focused within about 2 mm ¢ on a target and its

current was from about 50 nA to 150 nA. The beam intensity was monitored by means of a
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current integrator connected to a Faraday cup. A target of 98Mo was a self-supporting metallic

foil whose thickness and enrichment were 0.45 mg/cm? and 97.1%, respectively.
A charged particle detecting system consists of 2 AE-E counter telescope of two silicon

surface barrier detectors having thickness of 200 pm and 5000 pm, respectively. A defining
aperture 2.5 mm in diameter was placed just in front of the AE detector and was located 147
mm from the target. The electronic equipments used were standard commercially available
NIM modules. Each signal of emitted charged particles was separated by using a particle
identifier module (MPS-1230). Energy spectra of emitted protons and deuterons were
measured at six angles of 30°, 40°, 60°, 90°, 120°, and 150°,

Experimental result and nreliminz_lrv analysis
Figure 1 shows a mass spectrum from the particle identifier MPS-1230. Each signal is

separated quite well into proton, deuteron and triton. Pulse height spectra of proton and
deuteron were recorded separately in a multichannel pulse height analyzer according to each

gate signal generated from output of MPS-1230.

JAERI experiment {Dec.17-18,1090)

<1 Output from Particle Identifier (MPS-1230)

iz Preton

Deutercn

Triton

Log{Counts/Channel)

B 289 488 Beg aae 1eag 1289 1488 1688 igee za88

Channe!l No.

Fig.1 A mass spectrum from the particle identifier MPS-1230.

Measured double differential proton emission cross sections are shown for 40°, 90°,
and 120° in Fig.2. The angular distributions are peaked forward in the continuum region
between 10 and 20 MeV. This result suggests that the preequilibrium process or the direct
process is dominant in this energy region. Figure 3 shows experimental energy spectra of
deuterons emitted into 30°, 60°, and 120°. Strong forward-peaked angular distributions are

observed at outgoing energies of 10 to 18 MeV. Bump structure are also exhibited around 15

MeV at the forward angle.
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The (p.xp) spectra were analyzed preliminarily on the basis of the exciton model in
which isospin conservation was taken into account. The same model parameters as in our
previous analysis?) were employed and a modified version®) of Kalbach -Mann systematics
was applied to calculations of angle-dependent energy spectra. The calculated result is shown
by solid lines in Fig.2. The calculated spectra underestimate the experimental ones for 40° and
90°, More detailed analyses on 25.6 MeV (p,xp)} and (p,xn) spectra are now in progress.

Finally, the authors would like to thank the members of the accelerator division of
JAERI for their kind help during the experiment.
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