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Superconducting buncher going up for its beam test.
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PREFACE

This report covers activities of research and development
carried out by means of accelerators of Department of Physics
JAERI during the period from April 1! 1887 through march 31 1988.

All the accelerators, i.e. the tandem accelerator, the
electron linear accelerator and the Van de Graaff accelerator,
have been operated satisfactorily throughout the period. The
tandem accelerator, with which a majority of the research ac—
tivities have been done, operated on a regular schedule in ac-
cordance with the cycle of three months operation for research

activities and the one month for the maintenance. A project of
constructing a post accelerator to boost the energy of the heavy
ion beams have progressed remarkably in the period. A supercon-—

ducting quater wave resonator was repeatedly tested and found to
work excellently. Our plan is to .obtain a 30 MV of accelerating
voltage by using the 40 quater wave resonators. The electron
linear accelerator and the Van de Graaff accelerator have been
used for some of the research works of neutron physics and solid
state physics, respectively. A design study of superconductineg
electron linear accelerator for free electron laser has been per-
formed in this period. In particular, injection system was
studied in every detail.

Main subjects of our research activities contains; 1) atomic
physics and chemistry, 2) sciid state physics and radiation ef—
fects in materials, 32 nuclear chemistry, 4) nuclear physics, and
5) neutron physics.

During the period, more than 60 staff members of JAERI have
worked in the above mentioned fields of researches, and about 100
colleagues have joined from wuniversities and institutes outside
JAERI for colaboration in these studies,

A joint seminar on heavy iion nuclear physics and nuclear
chemistry in the energy region of tandem accelerators was held at
Tokai Research Establishment of JAERI, January 7 — 9, 1888, Some
of the experimental results presented in the seminar are included

in this annual report.

Naomoto Shikazono
Director
Department of Physics
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1.1 TANDEM ACCELERATOR OPERATION

Tandem Accelerator Group

Department of physics., JAERI

Accelerator operation

During the year from April [, 1987 to March 31. 1988, the tandem
accelerator has been operated for many kinds of experimental programs. In
this period, the accelerator ran almost under the arranged schedule.
However, some experiments were canceled by unexpected troubles., which
occurred four times on the inside of the tank and once on the negative ion

injector. The following are summary of the operation and the maintenance.

1) Time distribution by terminal voltage

)16 MV 18 days 10.2 % [ 11-12 NV 0 days 0.0 %
15-16 66 37.5 | 10-11 5 2.8
14-15 55 31.3 | 9-10 0 0.9
"13-14 5 2.8 | 8- 9 2 1.1
12-13 9 5.1 | (8 16 9.1

2) Time distribution by projectile
H 15 days 85 % | Si 11 days 6.3 %
D 7 4.0 | s 37 21.0
Li 4 2.3 | C1 21 11. 9
B 2 1.1 I Ni 15 8.5
C 20 11. 4 ! Cu 3 1.7
N 2 i1 | Br 3 1.7
0 20 11. 4 \ [ B 3. 4
F 10 5.7 \
3) Time distribution by activity

Operation for research 179 days 49.0 %
Atomic and solid state physics { 51 days )
Radiation effects in materials ¢ 13 )
Nuclear chemistry ¢ 27 ),
Nuclear physics ( 61 )
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Fast neutron physics ¢ 21 )
Accelerator development { B )
Voltage coaditioning 27 7.4 %
Operation training 2 0.6
Scheduled maintenance 92 25.2
Unexpected repair 19 5.2
Holidays and vacation 45 12.3

Tank openings

The scheduled maintenance and major troubles. requiring seven tank

openings., were as follows.
1) April 4 - 19, 1987 (scheduled opening)

2)

3)

4)

57

6)

7)

Renewal of all the corona needles for both tubes and the columns.
Renewal of the rotating shafts bearings on the lower seven column
units.

June 28 - July 4

The trouble of the rotating shaft.

July 13 - 17

The trouble of the 180° magnet’s power supply on the terminal.
September 16 - October § (scheduled opening)

Renewal of 1 to 3 MY low and high energy acceleration tuhes.
Renewal of the rotating shafts bearings on the middle six column
units.

Replacement of the vacuum isolation valves, at the top end of the
high energy tube and at the upper dead section of the high energy
tube, by newly designed type.

Installation of new vacuum pump Station at the entrance of the low
energy tube.

October 9 - 12

Vacuum leakage on the high energy tube.

January 7 - 8, 1888

The trouble of the terminal electrostatic quadrupole lens’ power
supply.

February 17 - March 7 (scheduled opening)

Replacement of the terminal stripper foil changer and reload of
the foils.

Renewal of the rotating shafts bearings on the upper seven column
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units.

Regular maintenance for the components of the inside of the tank

Other maior troubles

1) Instability of the switching magnet flux.

The layer insulator deterioration on the upper coil of switching
magnnet occurred on end of December [987.

2) Breakdown of the high voltage isolation transformer for the
injector. The high voltage isolation transformer for the negative
ion injector has been used instead of motor-generator system to
eliminate the mechanical vibrations. A big spark across the high
voltage platform to the ground attacked the isolation transformer.
Some insulation layers of the primary coil (three phase 200V 50HZ)

were broken by the spark energy.

Improvement and development

[n order to obtain practically usable intensity of the Li ion beam
(~ g2 A order at the target) for the material research program. an inverted
type sputter ion source was installed on the injector. The ion source,
purchased from National Electrostatics Corporation. was somewhat modified
in JAERI. The ibn source is being used reliably for the routine operation
not only for the Li beam but also many species of the ions.

In order to keep stable operation of the injector system and safety
maintenance, now we are constructing a second negative injector which is
placed next to the first injector.

Development of new control system., which consist of paraliel
processing computer by means of the Transputer, has started. The present
control system. two set of 32 bit mini computers and CAMAC has been using
over ten years and is already insufficient for the speed and the memnory

capacity. We intend to complete the new system within three years.



JAERI-M 88-181

1.2 FELECTRON LINAC OPERATION AND IMPROVEMENTS
Electron Linac Group

Department of Physics, JAERI

Operation
The operation of the 120 MeV JAERI electron linear accelerator (linac)

have been carried out smoothly with a repetition rate of less than 150 pps.
The total beam time was summed up to 929 hours for various experimental re-
searches.

A summary of the linac conditions during the pertod between April, 1987
and March, 1988 is listed in Table 1 for each experimental program. The
linac machine times were used as ¢ollows; (1) the study of the neutron
guide mirror for the JRR-3 (Japan Research Reactor-3) facility, (2} the
neutren cross section measurements, (3) the mono-energetic positfon
emission and its applications for material researches, (4) the neutron
radiography, (5) the study of the irradiation damage in solid at .the liquid
helium temperature and. (8} the radioisotops production.

"The total machine time was decreased compared to the previous vear,
because it took three months to coenstruct the measuring station for posi-
tron experiments and to repair the roof and outside-wall of the linac

building. The machine time for neutron cross section measurements was

Table 1 Machine Time and Output Beam for Research Programs in 1987

Research Program Time Ratio Fnergy Rate Length = Current
' | Gqy - MeV) (pps) (us) - Ave. (A

Development of Research Reactor 533.5 bH7.5 100 50 1 24 _
(Deve lopment. of Neutron Mirror)

Neutron Radiography 216.6 23.3 120 | 150 1 | 12

Yeutron Cross Section 116.3 12.5 120 150 0.025 12
(Time of Flight Method)

Positron Experiment 37.5 4.0 100 50 1 12
Fmission of Mono—Fergetic Positron)

Splid State Physics 15.0 1.6 55 50 1 2
Qow Tetperature Electron Irradiation)

Tuning and Test Operation 16, 2 1.1 100~i80 50~15C 1 30

Total . g929.1 100.C
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considerably decreased during the last fiscal year because the number of

the members of the low energy neutron experiments was decreased.

Maintenance

The unscheduled shut-down was only due to the breakdown of an assembly
for the electron gun cathode.

Several parts of the linac components were replaced as the scheduled
maintenance. Those replaced parts were as follows ;(l)} the eleven stabili-
zed power supplies for focusing coils, that is, four sets of quadruple
magnet power supplies for the #4 and #5 accelerating structures and five
sets of quadruple magnets power supplies for the Tl beam transport line and
two quadruple magnet for the Tlr beam transpert [ine.

(2) the beam transport tubes of stainless steel for the Tl and Tr line were
replaced with those ef aluminum, By this replacements, residual activities

in the beam transport tube were reduced significantly to 1/10 ~ 1/20.

Improvements
(1> Trigger pulse transmission system

In order to lower the noises from the pulse modulators for the
klystrons, the coaxial cables for eight sets of the trigger pulse trans-—.
mission systems were replaced with the light fiber cables. The light fiber
cable was Toshiba TOCPL00QG (single signal line} with an out-side radius of
2.2 mm and photo couplers attached to the cable at both ends., Eight sets
of cables were wired with a total length of 40 m. Two kinds of electronic
apparatuses were used ;pulse transmitter (TOJX170) and receiver (TORX170).
Electronic signals with a 2 pgsec and 5 V are converted to light signals by
the transmitter and inversely restored to electronic signals by the receiv-
er. The output signals from the receiver are directly used to operate the
SCR drivers of large thyratrons with a pulse width of 2 pgsec and a voltage
of 2 kY.
(2} Accelerated beam monitor systems

The 8 sets of beam monitors were prepared at each output of accelerat-
ing structure and the beam transport line. The coaxial cables (5D2W) were
used from the each monitor position to the control room with a total length
of 20 m ~ 35 m. This system with coaxial cables has been exchanged for the
one with the semi-rigid cable (MX50-3.6) which was expected to reduce the

noises significantly. The noises were reduced by 20 db compared to the
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previous system.
(3) Grid-cathod assembly for the slectron gun.

The grid-cathod assembly for the electron gun was replaced with the new
model Y-796 produced by Eimac. The structure of the electron gun assembly
was modified in order to mount the model Y-796 at the part of stem. The
modified gun was fabricated after baking for 10 days at a temperature of
150 degree. The vacuum inside the gun was reached to 3%X10°° Torr and the

beam test is now being carried out using the test bench.

The JAERI Storage Ringz (JSR) to be Constructed at Linac

Fig. 1 shows the expected layout of the JSR facility in the linac
building. The specification and dimensions of the facility are also listed
in Table 2. The research team for the project of the intense photon source

was assembled in Department of Physics in October, 18987. The decision was

Control room

3
Power Distribution D

ge—

Fig. 1 Layout of the linac building.

made to design and fabricate the JSR, which will use the presently existing
JAERI linac as an electron injector and accumulate experiences for the next
coming large scale photon source. For this JSR facility, the high quality
of the linac electron beam is required with an electrom energy of [50 MeV
and an energy resolution of 1 X.

In December, 1987, the preliminary test has been performed for the JSR

injection and the beam energy resolution of 150 =1.55 % with a peak current
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Table 2 List of Parameters

Stored energy

(Injection energy
Circumference

Average radius

Revolution time

Avallable straight section
Number of bending magneta
Property of bending magnet
Bending radius

Bending magnet field -
Number of quadrapoles

Strength of quadrupecle field

Natural emittance
Natural chromatleity

Tune

Damping time constant

@ Mg W

Momentum compaction factor
Energy loss per turn

RF frequency

Harmonic number

Pesk voltage

Synchrotron phase

Phase oscillatbtion frequency
RF power

Natural bunch length
Touschek lifetime

300 MeV

150 MeV)
20.546 m
3.27m

68,5 nasc
1.45 m

6

gector magnet
0.835 m

1.2 T
15

6.8 m
4ol m
-5.6 2

1.1 x 10" merad
-1.81

~4.54

2.25

1.25

58 msec

48 meec

22 msec

0.044

0.86 keV/turn
116.7 MHz

8

30 kV

8.8 degree
34.6 kHz

2 kW

1.6 cm

2 hours

2
2

of 38 nA and a beam radius of 5 mm

was obtained. In order to inject

more stable electron beam inte

JSR, further improvement has to be
made to achieve the overall stabi-
lities for all the electric power
supplies. Under the present con-
dition, the usage of the MG (Motor
Electric Power Generator) would be
more efficient choice which do not
need improvements and modifica-
tions to the linac structure and

parts.

The 12th Linear Accelerator Meeting in Japan

[n August 1987, The 12th Linear Accelerator Meeting was held by the

joint cooperation between Nuclear Engineering Research Laboratory, Faculty

of Engineering, University of Tokyo and the JAERI Linac Laboratory. The

information of the current linac technology for actively operating accele-

rators

including proton and heavy ion linacs as well as electron linacs has

been exchanged among more than 150 participants through the 70 presented

papers.

Reference

H. Yokomizo et al.

Design of a Small Storage Ring in JAERI (1988).



JAERI-M 88-181

1.3 PRCDUCTION AND ACCELERATICN COF ALKALINE METAL IONS
USING AN INVERTED SPUTTER ION SCOURCE

Eisuke MINEHARA, Tadashi YOSHIDA and
- Shinichi ARE

Department of Physics, JAERI

Five kinds of negative Li, Na, K, Rb, and Cs ions were
tried to produce in the JAERI negative ion source test facility
with an inverted sputter ion scource manufactured by National
Electrostatic Corporation. Tens kinds of different sputtering
targetsl) containing these elements were prepared, and tested

to find the materials having the larger negative ion

intensities.

Extractor & Einzel Lens Cs+ Ionixer
O%O Cs+ Sputtering Target

Negative Tons C- C —)
> -H.¥Y.
—-20KY
&+ N/
O (o, Cs Orven

O0KY -12_5KY —-15KY

Fig.l Inverted Sputter Ion Source.

Fig.l shows the inverted sputter ion source, and
illustrates the working mechanism. The sputtering targets were
fabricated by pressing the powder materials impregnated with or
without silver powder binder. Several examples of the
materials and their typical current intensities of the
elemental ions are shown in fig.2.

According to the several user's requests, we applied

lithium oxide for producing negatively-charged lithium metal
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Typical Current Intensitles of Alkine Metai lons

—_
o
T
o
a
E
L]
o
g

L
E

S

-
c
o
L=
e
=]

(&)

Li20 LIF Li2C0O3 Li3N  Na20 Kl Rb20 Rb2CO3 Rb2S04 RbBr Cs2504

Sputtering Target Materlals

Fig.2 Several examples of the sputtering target materials and
their typical current intensities of the elemental alkaline

metal ions?) .

Table 1 Accleration of Li Ions

Terminal Vecltage 14.88 MV

Ion Scurce Voltage 20.00 Kv
Preacceleration Voltage 198.40 KV

Final Energy 58.70 MV

Final Charge State 3+

Beam Current at Injector 4.7 microampere
Beam Current at Injection Line 0.6 microampere
Beam Current before Foil Stripper 0.3 microampere
Beam Current after Foil Stripper 0.7 microampere
Beam Current after Analyzer 0.7 microampere

ions, and accelerated them to check the feasibility for the
actual operation.

Lithium beam current intensities, which were measured at
several Faraday cups along the beam line, are summarized in

Table 1. Parameters of the accelerator are also listed briefly
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in the table. After the acceleration test were performed
successfully in early stage of the 1987 fisical year, Li ions

have been available for all users.

References

1) E.Minehara: Prcc.of the Workshop cn Negative Icon Sources,
Negative Ions and their Applications, Tsukuba, National-
Laboratory for High Energy Physics,April 1988, to be
published.

2) S.Abe et al.:Proc. of the Workshop on Tandem Accelerators
and Related Technologies, JAERI Tokyo, July 1288, to be
published.
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1.4 SLACKENED CARBON STRIPPER FOILS
Shuhei KANAZAWA and Suehiro TAKEUCHI
Department of Physics, JAERI

We need thin and long-lived carbon stripper foils to have a good
heavy ion beam transmission through a tandem accelerator. A good beam
transmission is going to be more significant for beam injection into a

post acceleration booster which will be constructed for the JAERI tandem

accelerator.

It has been shown D that the lifetimes of JAERI type super
stripper foils strongly depend on their thicknesses: foils of 5 Pg/cm2
had only one-fourth of the lifetimes that foils of 10 }Jg/cm2 had. The
reason is that beam—irradiated areas shrink faster in thimner foils.

As a way to improve their lives against heavy ions, we introduced
foil slackening into our preparation method of the super stripper foils.
Foils of 3 - 5 Fg/sz were coated with thin collodion films, holded on
aluminum rings of 16 mwm in inner diameter and slackened by contracting
the rings to 14 mm in inner diameter.

These foils were set at the tandem terminal foil stripper position.
Their lives were tested with destructive ion beams of iodine. A beam
energy was 15 MeV, that is, the tandem terminal voltage was set at a
usually available voltage of 15 MV, The beam current was measured at
the Faraday cups in front of the stripper foils(FC-TL-l) and at the
image point of the analyzing magnet(FC-04-1). The charge state of the
analyzed ions was + 11.

The result is shown in Table 1. The lifetimes were determined when
the beam current at FC-04-1 decayed te a half of the initial value.
Current ratios of FC-04-1 to FC-TL-!l are shown also. Foils of IO/ug/cm2
were also tested for a comparison. As a result, the slackened 3 or 5
}zg/cm2 foils lived as long as the non~slackened 10 }Jg/’cm2 super stripper
foils did. The beam transmission was apparently improved in use of 3 or
5 )Jg/cm2 foils. Another beam test was done for slackened and

2
non-slackened 5 pg/cm foils. Slackened foil's lifetimes were twice and

half as much as non-slackened ones.
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Table. 1 Lifetimes of carbon stripper foils and current ratios of

analyzed lons to initial ions for iodine.

Foils Average Lifetime Average Current Ratio

of FC-04-1 to FC-TL-1.

3 pg/cm2 slackened 30 min. 105 %
5 }1g/cm2 slackened 29 min. 90 %
IOJ}Jg/cm2 non-slackened, 33 min. 55 %

self-suport

Reference
1) §. Takeuchi and S. Kanazawa, Proc. of The l1th World Conf. of the
tnternational Nuclear Target Development Society, Seattle, Wa, USA

Oct. 6-8, 1982, ppl-17.
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1.5 SUPERCONDUCTING BOCSTER

Booster Project Group

Department of Physics, JAERI

1. Accelerating structure

For the accelerating structure of the JAERI tandem superconducting
booster, a superconducting quarter wave resonator @ has been fully
developed as is reported elsewhere in this report,

A bucher composed of two 130 MHz superconducting quarter wave
resonators was built in 1987 by Mitsubishi Electric Corp., Kobe Works.
Accelerating field levels of 5 to 6.2 MV/m were obtained at an rf loss
less than 4 watts with the buncher resonators. A mechanical frequency
tuner was developed and confirmed to work well. Prototype rf control
circuits were fabricated and worked well with a superconducting
resonator., Further work 4is, however, necessary to fully control
resonators and cryostats. A test with beams from the tandem accelerator
will be performed in 1988 at a beam line, H-3.

A prototype acceleration  unit composed of two 130MHz
superconducting quarter wave resonators 1is under construction at
Mitsubishi Electric Corp. in Kobe. This unit is a testing unit for
developing booster modules and will be used for a de-buncher at the end
of the booster. We ordered a set of booster control satellite with four
resonator boards from Applied Superconductivity Inc. for the
de-buncher(and the buncher) since it was found to fit perfectly te our
booster modules, buncher and de-buncher from its specification. Use of
the ASI's control satellites reduces our developing work on the booster
control system.

The initial part of the booster which will be composed of 16
resonators and four cryostats, that is, four modules having four
resonators in each cryostat, is going to be funded in the fiscal years
of 1988 and 1989. The design is proceeding. A schematic view is shown
in Fig.l.

As a result of considerations on beam bunching, we decided to add a
260MHz superconducting sub-buncher in front of the buncher in place of

having pre-tandem low frequency buncher.
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Fig_ 2 Layout of JAERI Tandem Superconducting Booster
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2. Layout plan

The booster construction site has been decided toc be on the east
side of the tandem accelerator., As is shown in Fig. 2, the booster
modules will be lined up along the straight line extended from the 0
degree course from the tandem switching magnet. The bunchers will be
put in the existing target room, Heavy Ion Target Room No. 1. A new
target room of about 15 m x 20 m and reocoms for rf controls, a
refrigerator and utilities will be constructed on the south side. There
will be no thick radiation shield from the bunchers to the new target
room, so that the Heavy lon Target Room No. 1, the booster room and the
new target room are regarded as one room on radiation security. A
helium compressor room, helium gas reservoirs and a water cooler will be

put apart from the booster building.

3. Beam dynamics study

Our beam dynamics group has been calculating the beam dynamics from
the bunching system composed of 130 MHz and 260 MHz resonators, through
ten modules, each of which consists of 4 quarter wave resonators and a
quadrapole doublet lens, and through a de-buncher, down to an analyzing
magnet. As a result, the group has a prospect that the bunching system
will work well without a pre-tandem bunching system and that 50 to 62
percent of incident <continuous heavy ion beams from the tandem
accelerator can be bunched and accelerated on a right rf phase through
the booster. A buffer aperture is necessary at each module entrance to
prevent some of out-of-phase beams from hitting resonators. A beanm
diagnostic system for resonator rf phase tuning is under study in
addition to a way to tune resonator phases one by one from the first
resonator to the end by measuring beam energy v.s. phase variations at

the booster exit .

4, Cryogenic system plan

A 350 watts refrigerator without liquid nitrogen assist is
considered for supplying liquid helium to the booster resonators. A
consumption of about 100 watts out of 350 watts is estimated for
transfer lines to all modules and about 20 watts for each modules. We
are not going to use liquid nitrogen for helim gas pre-cooling in the

refrigerator and for the heat shields of booster modules because of the
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reasons below. We have a hope to run the booster under the -high
pressure gas safty regulations for refrigerators and coolers, rather
than the general regulations for high pressure gas equipments, To
realize it, the helium refrigerator and the booster modules must compose
a closed circuit like a popular cooler and must not contain a heat
exchanger with high pressure gas, liquid nitrogen in this case. A
liquid nitrogen assisted system requires huge amount of supplies or
consumption of liquid nitrogen week after week and a lot of expence. It
is more economical and convenient to us in this laboratory to buy and
use a system which runs fully by electric power than to buy liquid

nitrogen.
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1.6 SUPERCONDUCTING RESONATORS FOR JAERI TANDEM BOOSTER
Suehiro TAKEUCHI, Tetsuro ISHII and Hiroshi IKEZOE
Department of Physics, JAERI

Development of niobium superconducting quarter wave resonators for
the booster of the JAERI tandem accelerator went forward to the
construction of the beam bunching and de-bunching resonators after
finishing the test with the first-fabricated pfototype resonator.

With the prototype resonator, a maximum acceleration field level of
5 MV/m was eventually obtained at an rf loss of 6 wattsl_A). This
result satisfies our requirement on the field level but not on the rf
loss. The rf loss was partly due to niobium weld defects at the top end
of the outer conductor. Weld failures should be prevented or followed
by a perfect repair work in the cdnétruction of the resonators for the
booster. The prototype resonator did mnot have heavy electron
multi-pactoring barriers nor a heavy rf loss due to electron field
emission.. These facts promise that we will get a high field level
quickly without tedious conditioning in starting the booster.

A superconducting buncher composed of two quarter wave resonators
was constructed at Mitsubishi Electriec Corp., Kobe in 1987. The design
of the resonators is essentially the same as the prototype ome except
the following changes: a) The outer conductors were given eight vertical
straight grooves 4 mm deep and 9 mm wide on the copper surface and
demounttable stainless steel franges at their bottom ends in place of
copper ones welded on. These changes provide an easy deformation to the
outer conductor for frequency course tuning. b)The top copper franges
and the top niobium end plates were changed thicker in order to satisfy
high pressure gas safety regulations. The fabrication proceeded
successfully, There happened no failures 1in machinihg, welding,
annealing, electropolishing and ete. The electro-polishing was done at
an electroplating company 1in Kobe, The resonators equipped with
frequency tuners and a liquid helium dewar are shown in Fig,l.

However, helium leaked in a cryogenic test. The toﬁ niocbium end
plates were found to be deformed by bolting with copper franges which

had gasket grooves about 12 mm smaller in diameter than the prototype
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resonator's one. The end plates were reformed. New top copper franges
were made, of which gas-ket grooves were designed to press the outermost

rigid end of the niobium end plates. And, the leaks were abolished.

Fig. 1 A super-
conducing buncher
composed of two
quarter wave
resonators made of

niobium and copper.

The buncher resonators were tested in a test cryostat after slight
electropolishing as a final surface treatment and a rinse with
de-ionized water in a clean room. Their results are shown iﬁ Fig. 2 a)
and b). Two results obtained firstly with a resoantor(labeled No. 2)
are shown in Fig. 2 a). The field level of the first result, curve 4,
was unexpectedly high but the Q was smaller than expected. After the
test, we found that the cryostat inside had not been properly shielded
to about 200 mG against the earth's magnetic field. The second result,

curve B, was obtained after reducing the magnetic field in the cryostat
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to 25 mG level. The difference of Q between the two curves at lower
field region indicates that the frozen-in-magnetic flux affects
significantly on the resonator Q. A sharp decrease in Q of the second
result at higher field region is probably due to electron field
emission. The ¢ would be improved if pulse conditioning was applied. A
result for the other resonator{(labeled No. 1) is shown in Fig. 2 b).
There were two changes from the No.2 resonator in its rinse process. We
used 10Z HZOZ in place of HF for the rinse just after the final
electropolishing. Fresh de-ionized water from a de-ionizer was directly
sprayed onto the resonator surface instead of pre-deionized water from a
polyethylene reservoir. The resistance would be improved by this from 1
megachm*cm to 18 megaohm*cm. The Q was as high as expected. A sharp
decrease in Q due to electron field emission observed at higher field in
curve A was easily cured and a higher field level was obtained by pulse

conditioning(see curve B). Curve C is the result after more pulse
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conditioning with introducing helium gas into the resonator.

As a result, we learned that a maximum field level of fMV/m (or an
acceleration voltage of 900 kV) is available at an rf loss of 4 watts
and that the magnetic shield is crucial om Q of our niobium quarter wave
resonators. Rinse with 10% H202 and fresh de-ionized water is
promising.

On the other hand, a slow frequency tumer has been re-designed. The
truners seen in Fig. 1 employed a pnuemati& control with helium gas and
bellows. We gave up to proceed with them because of several reasons and
finally chose a fully mechnical frequency tuner schematically
illustrated in Fig. 3. A prototype
tuner was made and tested with the No.2
resonator at the helium temperature.
The frequency was tunable within a Hz.
There was a back rush of about 5 Hz,
which is small enough for operation.
Appreciable frequency instability was
not observed during the test. The

tuning range designed is 40 KHz. The

tuner will be driven from outside the

cryostat with stepping motors. An

advantage to use such a mechanical tuner
is that operation is rarely necessary

once a resonator 1is tuned. Fig. 3 A frequency tuner.

References
1) S. Takeuchi, T. 1shii, H. Tkezoe and M. Ohkubo: Proc. of the lZth

Linear Acc. Meeting in Japan, Tokai(1987)36.

2) §. Takeuchi: Proc. of The Third Workshop on RF Superconductivity,
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3) §. Takeuchi: Symposium of North Eastern Acc. personnel, Florida,
1987 (World Scientific, Singapore, Newjersey and Houngkong,
1988)pp333-342.
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1.7 LINAC FCR A FREE-ELECTRON-LASER OSCILLATOR

Yuuki KAWARASAKI, Makio OHKUBQ,
Katsuo MASHIKO and Naomoto SHIKAZONO

Department of Physics, JAERI

The choice of accelerator types for a free—electron—laser (FEL) os-
cillator is discussed. A superconducting radio—frequency(RF) linac is
found out to be the most suited one for our case. Specification of the

linac is given with an R&D schedule.

1. Introductien

Laser beam from FEL can be obtained, in principle, by oscillating

refativistic electron beams through adequate wigglers or undulatorsi?. s
practical electron—beam sources, candidates may actually be: pulse-diode
devices c¢harged up by e.g. Marx generators, VYan de Graaff accelerators,
induction linacs, RF linacs and storage rings.

The aim of our project is to produce infrared through ultraviolet
laser beam by FEL, because these lasers can be possibly used for various
fields of research and application. Though the laser wavelength depends
on the design of the undulator magnet, the electron beam energy, ranging
from a few-of tens of MeV to several hundred MeV, is considered to be
suitable for those purpeses. This requirement immediately lead us to
adopt a linear accelerator{linac) as the first stage machine of our
project.

Ve are now continuing the operation of a 120MeV normal conducting
RF(S-band) linac2’ for neutron nuclear data measurements and cther re-
search purposes. This will be used as the injector of a small{ 300MeV)
storage ring and as a positron source in near future. The required beam
quality, however, cannot be easily achieved from the simple modification
of the present linac. [t seems preferable to design a completely new

machine dedicated only to the FEL project.

2. Considerations on linac_ types.

Three normal conducting linacs have been newly built or greatly
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modified for the FEL projects and succeeded in oscillation: the first one
is the 20MeV standing wave mode L—band(1300MHz) linac at LANLY? in oscil-
lation at an infrared wavelength, the second the Boeing Aerospace
Company’s (BAC's) 120MeV traveling wave mode L-band linac4? at a visible
wavelength and the last the modified Stanford MarkIl (traveling, S-
band (2856MHz)) linac9) an infrared wave—length,

The former two linacs operate in longer pulse duration(~100.us?,
being provided by specially prepared components; klystrons and their pulse
power supplies. The last linac is the old MarkII, the cenventional gun
and buncher being replaced by a so~called RF-gun and a momentum filter, by
which high quality beam can eventually be injected into one unit of MarkIl
waveguide,

The first FEL eoscillation at Stanford®’ has reasonably been
succeeded using HEPL’s superconducting linac (SCL), which can accelerate
high quality beams in long macropulses. Thus a 3CL is attractive if
greater field gradient( >5MV/m) in cavity is achievable. In recent years,
the remarkable progresses of this matter ( ~~10MV/m> have been reported
from TRISTAN's at KEK?? and from CEBAF's® . At JAERI, a project of a
heavy ion boosting linac % ¢or the Tandem Accelerator is now in progress,
using a nioblum quarter—wave coaxical resonator. The various techniques
of the cryogenics and high Q cavities developed there will be helpful,

In the RF-linac based FEL operation, an energy-recovery configuration -
is desirable and forthcoming for high~power oscillation, because the FEL
efficiency(laser power vs. beam power) Iis still order of few to several
percents and the remaining beam power is dumped out unless it is reused.
The tests of this configuration have been successfully performed beth at
LANL and at HEPL. The LANL's uses two structures: one accelerator. and
another decelerator, while the HEPL's SCL uses a technique of beam recir—
culation. The recirculation is also applicable as an energy doubler. Fur-
thermore, solid-state RF amplifiers can hopefully be used, because the
cavity wall losses in SCL are negligible. New finding of high Te super—
conductor may somewhat influence the choice, because the project period

will span over several years.

3. Superconducting Linac

The choice of SCL's frequency is important: e.g., HEPL's at. 1300MHz,
CEBAF's at 1500MHz., TRISTAN's at SOQMHZ and CERN's at J350MHz. Use of
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lower frequency is fit to higher quélity and current beam without extra
cooling below liquid Hg boiling point, 4,2° K, at 1 atm. Thus the same
cavity structure as TRISTAN's is satisfactorily applicable for a main part
of the linac. TRISTAN's one cryostat module contains twoe 3—cell units,
i.e., being capable to accelerate beams of 15MeV (5MeV/m) to 30MeV
(10MeV/m.

The injector design is another key point, because its performance
‘governs strongly the output beam quality. Higher injection—gun voltage
can well prevent from emittance growth. A photocathode gun can actually
produce micropulseformatted beams of enough current density, however, its
adoption here seems yet premature. A thermoionic cathode gun must accord—
ingly be followed by bunchers. Furthermore, armicropulse
formatter(e.g.,chopper) is necessary anywhere in their vicinity. A
gridded gun is expected. to. work with an elaborated pulsing circuit. Two
single supperconducting cavities for pre—acceleration{l~4MeV) seem more
neat than a normal! conducting one. The geometrical A2 of the first cavity,
can effectively be chosen less than unity(~0.9 for further longitudinal
bunching. The above considerations allow us to depict the conceptual FEL

scheme shown in fig.l.

4. Schedule
The FEL system will finally incorporate with the beam recircula-

tion both for energy doubling and for energy recovery. The whole project
period is accordingly divided inte three phases. The Phase~1 is basi-
cally devoted to the fundamental R&D of the simplest FEL feature, aiming
at an infrared(l0.6um> lasing. In Phase—II, the addition of one more SCL
module with recirculation as an energy doubling (~100MeV) will work
lasing at a visible or ultraviolet wavelength and the increase of output
~power by means of an energy recovery will be attempted in Phase-I. The
injector gun will be improved in later phases by replacement of a mode-

locked photocathode gun.

5. Specification in Phase-1

< Main Part of the Linac >

Type superconducting 2Z{unit) X5(cavity)

frequency 508MHz \
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2% 1.5m

< Gun C(Injector— 1) >

Type
Applied voltage

Pulsing format

Repetition

Thermoionic Gridded Pierce (2~3mm &)
>200kV

2~4ns width every 80ns (127MHz
separation during Ims (macropulse)

10Hz (macropulse)

< Sub- and harmonic Buncher ¢ Injector=MTo> >

Type
Frequency

Gap Voltasge

A /4 coaxial resonator ¢ normal conducting)
127MHz (1/4) or 87MHz (1/67
30~60kV

< Harmenic buncher >

Type
Frequency

Gap Voltage

re—entrant cavity (normal conducting)
508MHz
10~40kV

< Pre—accelerator(Injector—ﬂl) >

Type

Geometrical B

Two superconducting single cavities
the 1st’s ~0.9(8)
2nd’s 1.0
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1.8 BEAM OPTICS OF A SUPERCONDUCTING BOOSTER
FOR THE JAERI TANDEM ACCELERATOR

Yoshiaki TOMITA. Tetsuro [SHIIl, Suehiro TAKEUCHI.,
Shiro KIKUCH| and Eisuke MiNEHARA

Department of Physics. JAERI

(n order to investigate beam optics of a superconducting booster for the
JAER{ tandem accelerator, a computer program has been written which
calculates beam trajectories in the booster. This program runs on a CEC
VAX and can display beam trajectories. phase bunching, velocity-time
correlation anrd final distributions of velocity and position using a E&S
MPS graphic display. By using this program various configurations has been

examined and a configuration has been chosen as a "good" candidate.

Calculation has been made for 1ZC, 35CI and 127I beams and the results are
simmerized in Table 1. As is shown in the table, 50-80 % of continudus haam
can be accalerated even without a prebuncher. if c¢ontrol of the

beam/resonators can be accomplished as intended. Results of caleculation for

3600 incident beams of 160 MeV 35CI are shown in Fig. 1. Used confijguration
is shown by vertical! lines at the top: from left to right. 2 bunchers, a
triplet Q-lens, 10 sets of 4 resonators in a cryostat and a doublet Q-lens.
a triplet Q-iens, a debuncher, a triplet Q-lens and final image point.
Distances between devices are indicated in cm. Upper left histogram is the
final wvelacity distribution. Lower left histogram shows beam size. Upper

right histogram s the beam transmission ratio versus initial phase. |t can

5e¢ seen that nearly al! beam of initial phase between -1050 and 1100 can be
used with a velocity spread of 0.065% and a beam size of 3mm. Lower right
histogram is the ratio of beam stopped inside the resonators versus initial
phase. A baffle is placed before each resonator. The case shown in Fig. 1
uses baffles with a bore 12 mm in radius. By reducing this radius te 8 mm,
the ratio of beam stapped inside the resonators becomes negligible without

significantly reducing the output beam.
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Table ! Typical results of calcutation.
Beam 120 35CI 12TI
Injection
Energy (MeV) 96.2 160.0 203.0
Charge 8 15 31
Emittance
x (mm) 0.88 1.51 1.31
y {mm) 1.086 1.45 1.47
x" (mrad) 0.95 1.02 0.91
V; (mrad) 0.92 1.29 1.51
AE (MeV) 0.014 G.070 0.250
Qutput
Energy (MeV) 197 429 770
BE (MeV) 0.13 0.56 1.77
Available beam (%) 50 62 55



JAERI-M 88-181

Younch=0,0696HY Y [2e) /¥ (wl #-0,2353 UOptinized for [0Sdagree Vdebunchs0, 23734V : q0--~ (CD) (O} (CO) ...
H = ~BnE8mE 8 w3 WO ~383 o8 38 aod L
z - . Q S a a =} =] =] a g -9 ¥
g 5 S SO sl e s e s a2l oas owa owa kil
5 H =1 =1=} 2
o 5 S oD @— g— @— @=— g— pg— B— 68— a— @— £
] o - - = = P 3 du - b b -]
= 1 = L e v'e Lo I L vo Lo &80 o — . —
o ] _'_ o rr O UA U VWO e uUS U0 uUa ua ra o [~ =]
.= =2 . L 1 & . 3 . X . B o g g o
o oc [= 3 - [~ Q [=] =2
=} o= 9 . n @ = =
m [ ‘_| u'\‘-l:.]

Traneaitted/Fotel beas = 2833 / 3600 x,y0_mex= 1.51 §.4YS nm px, pyO_nmx= {,02 [.29 ared dE0w 70, kn¥

epppdrreae e Lo e e P e by
- ++ b4 T+ T+

Yulomity distribution 3 Trensmiasion

]
Harbiiis
e

— Ju,pl € | .5mm
¢ 2550/ 36000 100

I
| o $
i 2 60 i
E 1
4 [1]
3 L]
3 Aoun =3
3 | === dvlv <0.065 parcant
E3 | 30 [ 2263/ 3500% E3
x ' — — wrd good focus
] ﬂ*nlve“'uls‘ *wr-'nh??H#hLHE 2 H A -
-0.4 -0.2 0.¢ 0.2 0.4 -19  -i0 -5 0 S U] 15
‘ M ’ ‘ X100
~—==~ dv/v Iparcant] -——- E::dEE::;; ---- [nitisl phowslidagras]l --—-
2226 » 9
P ———— o
P S WU VUSRS PR RPN FAVEN RPN SO e T PPTPRPPOTPPPUFPH FOPSPIUTEL NI MOVREITL U oY
[moge eizs i Elwctreds hit ratm
eolid 1 X 3 3 4
dashed: T :1‘; i
=i 3
i 3 o
H 1 3
? 1 b
- ] 3
5 0 Y
[1] 3 ¥
1 E Fo
2 ] I
e d = I
p i3
' -
' I
P e I R e 0 Bl .T,wﬁ}?lﬂ-{nI.«lrm...mlr....m..g,‘..,” I},...Ei
-8 -8 -4 -2 0 2 Y 8 a -5 -10 -5 0 S 10 15
X101
e KT lnw) —mos -——— [nitisl phassidegres] ----
-
%3 -]
o
R
Tew
o —
- w

A= 35 E= |B0.0MeV g= 1S phases -25.0degree  Eout= Y29.3MeV <CONFIG 6 >
CV03.005] <TTF_2>

Oump filu:elldS_B (¥03.002] QDate:22-APA=1988 12:55:U2.91 fartle radive=l2.0ne

Fla. | Calgulated distributions for 3600 Incident beams of 35Cl.

lange .

|



JAERI-M 88-181

I ATOMIC PHYSICS AND CHEMISTRY

—31~(32) -



JAERI-M 88-181

2.7 PRODUCTION OF MULTIPLY CHARGED RECOIL IONS IN COLLISIONS OF

50-kevV/u AND 100-kevV/u C AND Ne IONS WITH Ne

Yaéuaki SUGIZAKI, Masao SATAKA, Toshizo SHIRAI,
kiyoshi KAWATSURA and Yohta NAKAI

Department of Physics, JAERI

Introduction

Multiple ionization processes in ion-atom cellisions are interesting
subjects not only in atomic physics and astrophysics but also in
accelerator technology and nuclear fusion research. In the last decade,
many investigations have reported the net ionization cross sections (NI,
g, (=Ziici), and partial ionization cross secticns (PI), ci, where Oi is
the cross section for production of target reccil ions i-times ionized.

In this paper., we present the partial ionization cross sections of
multiply charged reccil Nei+ ions produced by impact of highly charged C
and Ne ions at the incident energies of 50 and 100 keV/u. We have

. E +
systematically examined the i-dependence cof the PI in the asymmetric (Cq +

+
‘Ne) and the symmetric (Neq + Ne) collision systems.

Experimental procedure

The present experiment was performed at the 2 MV Van de Graaff
accelerator at JAERI. The experimental apparatus is schematically shown
in Fig. 1. The partial icnization cross sections {PI} for production of
multiply charged reccil Ne ions were measured by means of a coincidence and
a time of flight (TOF) method. Figure 2 shows a typical TOF spectrum of
recoil Nei+ ions produced by impact of Ne3+ ions at 100 kev/u. The detail
of experimental method was described elsewhere%'z)

In this experiment, the projectiles such as C+, Ne+ and Nez+ are
extracted directly from the PIG ion source and then accelerated. ~The

higher charge state ions are obtained by post-stripping the primary beam in

the gas cell.
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Results and discussion

Figures 3 and 4 show the experimental PI for production of recoil

. , PR . L + + .
target Ne ions in collisions with the projectile Cq and Neq ions at 50

and 100 keV/u, respectively. The PI decreases steeply with the increase
of the charge state of the recoil ions. While, the PI for the same charge
state of the recoil icns increase smoothly with the increase the projectile
charge state. Figure 5 shows the NI as a function of the initial charge
state of the projectiles. The solid curves show the least-sgquares fitted
results of the cross secticn g to the equation g, = an (C is a constant)f
We have obtained n=1.2 (C = 5.9x10 "% cn®) and n=1.3 (C = 3.6x10 1% cn?) at
50 kev/u and 100 keV/u, respectively. The experimental results are
compared with the calculation of the classical trajectory Monte-Carlo
(CTMC) modelB) in ceonnection with the independent-electron épproximaticn

4 . . . .
(IEA).) The present measurement is in good agreement with the theoretical

calculations within a factor of 2.
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Introduction

Radiative electron capture (REC) in fast heavy ion-atem collisions was
first observed by Schnopper et al.l) Most of the experimental REC data
has been accumulated by using either a solid target or a gas cell with an
entrance window. Therefore, the observed data should be corrected to
obtain the real REC x-ray spectra. The experiments should be carried out
under single ceollision conditions to compare directly experimental data
with the theoretical calculations. This work was done in order to extend

2-4 .
cur data ) to the different target. We report measurements and analyses

. , . , 13+
of the x rays produced in the radiative electron-capture process in Si

14+' S15+ and 516+. C,ll(5+

17+ . R
and S5i and Cl ions incident on a H2 gas target

at energies of 4.0-5.5 MeV/amu.

Experiments

The present experiment was performed using the tandem accelerator at
JAERI. Beams of highly ionized silicone, sulfur and chlorine were
accelerated to the energy of 4.0-5.5 MevV/amu. The 0- and l-electron
projectiles were obtained by post-stripping the primary beams in a carbon
foil (15-30 ug/cmz). A collision chamber contained a single nozzle for
the target gas jet and was connected to the H-2 beam line through the
differential pumping system. The characteristic K x rays and the broad X-
REC x rays were observed with a Horlba Si(Li) x-ray detector which was
placed at 90o te the beam direction. The energy resolution was about 170

eV FWHM at 5.2 keV. . The experimental procedure has been described in a

previous paper.
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Results and discussion

. le+ 17+ , .
Figure 1 shows the x-ray spectra for Cl and C1 icns incident on

a H2 gas target at an energy of 175 MeV (5.0 MeV/amu). The broad peaks

between 6 keV and 7 keV correspond to the radiative capture of bound
electrons from a H atom into the K-shell of the bare or one-electron ions
(K-REC x rays). The centroid energy of the REC x rays which changes with

. . . 5
the projectile energy 1s dgiven as )

2
hy = €, - €, ¥ (1/2)mv0 =€ T g 7 (m/M)EO- (1)
In present measurement, gf and Ei correspond to the binding energies of the
1s electrons of the projectile ions and H atoms (13.6 eV}. The
experimental results are in good agreement with the calculated ones.
. . . 6
The full width at half maximum o¢f the REC x rays 1s given as )
1/2
FWHM) = 2.C4(T_ T . 2
I‘REC( ) ( 0 i) (2)
TO is (l/2)mv0 and Ti the kinetic energy average of the target electron.

The experimental results seem to be in agreement with the theoretical

calculations. The more detailed analyses are in progress Now.
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Fig. 1 The %x-ray spectra obtained from 175 Mev C1 ¥ and C1l * icns
. . 2
incident on a H2 gas target. 1, Ka{ls2p+ls ); 2, Lya(2p+ls);
2
3, KB{(ls3p+ls ); 4, LyR(3p>ls); 5, 4p+ls; 6, helium-like REC

. 2 ) .
(final state 1ls ); 7, hydrogen-like REC (final state 1ls).
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Introduction

The precise measurements of the transition energies and probabilities
of highly ionized atoms can provide an important information of the
relativistic effects and guantum-electrodynamics. They are also very
useful in the fields of nuclear fusion research and astrophysics.
Especially, forbidden decays in few-electron systems for the low Z atoms
show too small rate to be observable. They, however, become observable at
the higher Z atoms.

In the previous paper}'Z) we have presented the results of
experimental measurements of the Cl K x-ray transition energies and the
lifetimes for the metastable states in He-like and Li-like Cl atoms. In
this report, we present the experimental results of Si atoms obtained by
the Bragg crystal x-ray spectrometer and the Doppler-tuned x-ray absorption

edge spectrometer (DTS).

Experimental

The measurement of the Si K x-ray spectra was carried out using 530 to
60 MeV Si7+ ions from the JAERI tandem accelerator. In order to obtain
the transition energies of the highly ionized Si ions, the Si K x-ray
spectra were measured for 50 MeV Si-'?+ ions incident on a carbon foil target
using a 12.7 cm, curved crystal x-ray spectrometer. The Si K x rays were
analyzed with a PET crystal, 2d spacing of 8.742 A. The lifetime
measurement was performed using the DTS which was similar to that described
by Cocke et al§) In this experiment, we have used 50 MeV S5i ions as the
incident projectiles, a carbon foil of 15 ug/cm2 thickness as an exciter of

the projectile beams and a 18 ym SiO2 foil or a 20 pym $i foil as an
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abscrber. The detail of these spectrometers has been described

1,2
elsewhere. )

Results and discussion

. T+ C
Figure 1 shows the K x-ray spectrum of the 60 MeV Si ions incident

2 , ) . .
on a 15 yg/cm C f£oil target. It involves most of the S$Si K x rays ranging
from four-electron (Be-like) to one-eélectron {(H-like) ions. This spectrum
also reveals lines from multiply excited states. The present measurement

is in good agreement with the similar measurements for 35-45 MeV Si ions

. . . 4
incident on a C foil target by Trabert et al.}

10* — [ [

l i E I
—_ - T+
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— [ o~
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<T. 4 o S8 ' '
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l - A
>
!
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X-RAY ENERGY (keV)

Fig. 1 High resoluticn Si K x-ray spectrum resulting from

A N .
60 MevV S5i ions incident on a carbon foil target.
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Another high resolution study of the x-ray emission from the foil-
excited beams was performed using the DTS, A typical DTS spectrum from 50
MeV Si7+ beams is shown in Fig. 2. In upper of the figure, the integral
spectrum is shown as a function of the detector angle. Three steps are
clearly found in this spectrum. A differential spectrum is shown at the
bottom part of the figure. Three peaks are also found at the same

positions, which correspond 78.80. 92.7° and 98.30. These lines are

)

4 .
compared with Fig. 1 and the results of Trabert et al. It is concluded

. o . s
that the line at 78.8 correspond to the overlapping of the transitions of

152 lS Si XIII (1854.15, 1855.7 eV), the line at 92.7° to the

1,2 0
overlapping of the transitions of 1s2s2p 4Pj - ls 2s Sj Si XII (1826.8 eV)

and 1s2p° 4Pj - 18%2p 2Pj Si XIT (1828.15 eV). The line at 98.3°

1ls2p 3P

1 21 .
corresponds to the transition of 1s2p Pl - 1ls SO Si XIII (1860.0 eV).

n 2500 r r . .
= INTEGRAL SPECTRUM
52000_ 50 MeV Si7* - C~foll R
5::0::
1500¢ 2 ]
1000F o . 1
sool .-' l Fig. 2 Typical DTS spectrum
. resulting from 50 MeV
0 Tt i " L ; A Si7+ iens incident on
73 80 B5 80 95 100 105 a carbon foil target.
DETECTOR ANGLE (deg) o
. The integral spectrum
2 00 IFFERENTIAL SPECTAUM (upper) and its
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© 200r . (bottom) .
100rF ., . . -
0 Bagliamad ‘“"“’4"‘&’*0“““"‘.:‘:: ‘,.‘:"‘ :":" :ﬂ -
-100 5—
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We have tried to measure the radiative lifetimes of the metastable
states in highly ionized Si ions using the TOF method. The measured

. 3 . ; . L
lifetime for the decay of 1ls2p "P_ level is 4.42 + 0.08 ns, which is in

2
good agreement with the theoretical calculations. The measured lifetime

4 ; L
for the decay of the lsl2s2p P5/2 level is 1.93 + 0.10 ns, which is in good

agreement with the theoretical results of 1.84 ns and 2.05 ns and the

experimental result of 2.1 ns.
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In order to study the transition energies and the lifetimes of excited
states in highly icnized Cl atoms, a beam-foil investigation has started
using the tandem accelerator at JAERI in 1982}) A number of beam-foil
studies of Cl ions have been reported. the previous measurements were
performed at lower energies than 530 MeV. In the present experiment, the
beam energy is varied from 80 to 150 MeV. The wavelength range of beam-
foil spectra is covered 30 to 470 K. The experimental apparatus has been
described in detail in references%_B)

Figure 1 shows a typical beam-foil spectrum between 30 and 390 K of
highly ionized Cl ions at an energy of 120 MeV. The strong lines were
easily identified with the use of the results of the previous works.

In order to identify complicated or weak lines, we have measured the beam-

foil spectra at different energies from 80 to 150 MeV, and we have

performed some calculations. Most of the lines are attributed to the

L. 2_ k k+1l k+1 k+2 |
An = 0 transitions of the type 2s 2p - 2s2p and 2s2p - 2p in C1
XII - Cl1 Xv. Several lines are newly identified as high nl transitions in

Cl XIII - €l XVII in this wavelength region.
We have also measured the radiative lifetimes of the An = 0 transition

In Fig. 2 the normalized intensity decay curve of the (ls 2p) 2P3/2 -

(15225) 281/2 transition is shown as a function of the distance of the
‘foil. After background subtraction, the decay curve was least-squared
fitted to a single exponential function. The line blending with 380.4 K
(C1 XIV, n = 53-6) is negligible. The observed lifetime of 0.76 % (.01 nsl
is in good agreement with the previous ones of 0.76 £ .04 ns from Feorester
et al4) and 0.71 * 0.03 ns from Ishii et alé) It is found that the
present value is most accurate among all of the experimental values. Part




JAERI-M 88-181

of the energy and lifetime data obtained in the present work is summarized
in the Table 1. The detailed results and discussion of the present

. . . .6
experiment will be reported elsewhere. )
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Table 1 Radiative lifetimes in Cl XIII - Cl XV

Ton Wavelength Transition Lifetime (ns)

(4) Present Forester{4] Ishii[5]
Xy 415.6 2s *S1 2= 2 *Pigs 0.96 £0.02 0.95 £0.05 1.0 #0.1
Xv 384.0 23 *Sy 2 - 2p ’Pa/z 0.76 $0.01  0.76 +0.04 0.71 £0.03
XTIV 458.4 2s2p Py - 29 D, 0.63 #0.02 0.60 £0.06 0.54 #0.01
X1V 294.9 2s2p P, - 2p* °P, 0.17 £0.01
IV 286.2 2s2p P, - 2* °P, 0.16 £0.01 0.16 0,01
XIV 284.3 2s2p 7P, - 2p* 'p, 0.16 20,01
1V 277.9 282p P, - 292 'S, 0.08410.005 0.067:£0.010
IV 276.1 2s2p °P, - 2p* P, 0.16 #0.01
XTIV 237.8 2587 *Se - 2a2p 'P, . 0.14 #0.01 0.15 0,03

XIII  302.2 2s2p* *P3jz - 297 *Daj2 0.63 10,02
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Introduction

Formation of micrcporous structure in polymer films by heavy ian
irradiation has been studied by many workers}'5) Heavy ilon track
technique is noticed as a practical tool for producing functional materials
and changing their properties, not as a method for track detectors.

Polymethyl methacrylate (PMMA) has been used widely as a conventional
glass material to have a transparent and hard property. In the field
of ion beam technology, PMMA has been studied with the photoresist
technique.6) It is called a positive resist; it consists of long
chains of polymer molecules. From there it is known that well-
resolved patterns with a resclution of 10 nm may be reduced.7)

" In this work, microhole formation in PMMA film by heavy ion irradiation

has been studied by varying etching condition.

Experimental

PMMA films with thickness of 110 gm and diameter of 10 mm were

7 ). The ion

irradiated with scanning.the beams of heavy ions ( O
energy and density in ion irradiation were 120 MeV and 108 ions /em
After irradiation, the etching of the irradiated films was carried out

by ultrasonic etching using chlorinated acetic acid solution ( monochloro-
acetic acid, dichlore acetic acid, and trichloro acetic acid ).

After washed enough in-water and dried in air, the films etched were
observed by a scanning electron microscepy (JSM-35C), after depositing Au

in vacuum on the film. The thickness of deposition is about 10 nm.

The specimen was fixed with 2 -paste on the holder of brass.
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Results and Discussion

The films irradiated with a certain conditicn were etched by various
conditions and relationship between microhcle structure and etching
condition was investigated. . 108_

Figure 1 shows the effect of the
concentration of etching agent N .
{trichloro acetic acid solution} on _
hole density. In the films etched T

with trichloro acetic acid sclution

(holes/ém2

of 25% above, the penerated holes

across the film was observed, in which e r

the average number of the holes was

density

4xlO7/cm2. But , the films etched

with trichlorec acetic acid solution 10

Hole

of 20% below did not have a hole.

O C >, L] 1

Q 10 20 30
of the holes was intimately related Concentration of trichloro
acetic acid (%)

Thas, it was found that the appearance

to the concentration of trichlore
Fig. 1 Effect of concentration
of trichloroc acetic acid scolution
Ultrasonic etching; etching on hole density.

Etching temperature ; 25 °C
Etching time ; 20 hr

acetic acid solution.

with 25% trichloro acetic acid
solution under ultrasonics ( 28 kEz,
450 W) at 20 °C , was carried out.
The relationship between hole

diameter and etching time in

(}Jm)

ultrasonic etching is shown iIn

Figure 2. Etching under ultra-

sonics was able to decrease etching

diameter

time. Hole diameter in the holes

increased slightly with increasing

Hole

etching time in ultrascnic etching

though the deviation in hole 5

diameter is relatively large. 0 2 4 6
Etching time (hrs)

Etching rate is, of course, a funct-
Fig. 2 Effect of etching time on
hole diameter in ultrascnic etching.
time, and cconcentration of etching Trichloro acetic acid ; 25 %
Etching temperature ; 20 °C

ion of etching temperature, etching

agent. Necessary etching time
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to get a perfect penetrated hole was about 5 hr in the etching with 25 %
trichloro acetic acid sclution at 20 °C.
Effect cof etching temperature on hole density is shown in Figure 3.

In this work,the etching was carried 8

)

out at relatively low temperature
because trichloro acetic acid which
was a strong organic acid having a
oxidation preoperty was a high react-
ive etching agent for PMMA film.
When etching was carried out at high

temperature of 50 °C for 1 hr, the 107

density ( holes/cm2

films were deformated and its

transparent property disappeared.

Hole

It was, thus, found that suitable 10

etching temperature range for the

film with thickness of llO)xm was ‘ N ‘
. 0 10 20 30

5 - 25 °C, Though etching at Etching temperature (°C)

low temperature such as 5 °C needed 'Fig. 3 Effect of etching tempera-

ture on hole density.

long etching times, it is considered
Trichloro acetic acid ; 25 2

that etching time can be decreased by Etching time ; 20 hr
ultrasonic etching as can be seen in
Figure 2. é-
The relationship between hole ? 8 r
diameter and number ¢f hole is shown g -
in Figure 4. Though major diameter 6 T
range of holes was 0.3 = 0.4}1m, the % L
holes with the diameter from D.lfxm j 4 -
to 0.6}Am were formed in the ultra- © i
sonic etching using 25% trichloacetic 8
acid solution at 20 °C for & hr. g 21
The diameter of the holes formed in § ] —ﬂw
this work appeared to be ununiform %9 0.2 0.4 0.6

. . ] Hole diameter
in comparison with cther polymers, (m)
Fig. 4 Relaticn between number of

in which etching has been carried hole and hcle diameter in ultrasonic

cut by alkali solution such as sodium ¢tching.

: . 4,5,8) . Trichloro acetic acid ; 25 %
hydroxide solution. This Etching temperature ; 20 °C
is seemed to be a chracteristic of Etching time ; %6 hr
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porous structure in PMMA films resulting in the ultrasonic etching using
trichlo acetic acid solution.

Various chlorinated acetic acid delivaties were used an etching agent
The relationship between hole density and number of chlorine atom in

chlorinated acetic acid molecule is shown in Figure 5. Hole density

increased with increasing number of
chlorine atom and trichloro acetic
acid was the most effective etching
agent, indicating that trichloro
acetic acid having three chlorine
atoms has a property of strong
acid and oxidation. The ongen
permeability of the f£ilm which was
etched by ultrasonic etching using
25% trichloro acetic acid solution
at 23 °C for 6 hr was obtained to
be 2.2:-{10_9 cc-cm/cmz-sec-mmHg.
From these results, it was found
that PMMA films irradiated with the
havy ions can be effectively etched
by ultrasonic etching using trichlo
acetic acid solution and the micro-
heoles formed were affected by etching

condition.
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3.1 Radiation Annealing in Nickel and Copper

by 100 MeV Icdine Ion Irradiation

akihirc IWASE, Tadac IWATA, Shigemi Sasaki and Takeshi

*
NIHIRA

*
Department of Physics, JAERI, Faculty of Engineering,

Ibaraki University

More than 30 vears ago, Seitz discussed the effect of electron
excitation on the radiaticn damage in metals.l} Recently, we found the
anomalous reduction of stage-I recovery in Ni irradiated with "100 MeV
heavy ions and explained it as the defect annihilation due to the.electron
excitation by energetic heavy ions.z} In this paper, we report a
quantitative study of radiation annealing in Ni and Cu during 100 MeV I-
ion irradiations, and show that the electron excitation by irradiating ions
enhances the radiation annealing in Ni.

The experiments were performed as follows; first, Ni and Cu thin
foils, 0.27 um and 0.24 um thick respectively, were doped with relatively
simple defects using 84 MeV C-ion irradiations. Subsequently, the specimens
were irradiated with 100 MeV l27I-ions. For reference, undoped Ni and Cu
specimens were also irradiated with 100 MeV I-ions. The electrical
resistivity change Ap was measured as a function of C- and I-ion fluence.
As the thickness of the specimens is much smaller than the projected range
of C- and I-ions, ilons pass completely through the specimens and the energy
loss of ions in the specimens is only 3)(10“3 and 7xlO_2 of the incident
energy for the C-ion and I-ion irradiation, respectively. The specimens
were held below 10 K during irradiations.

Figures 1l{a) and 1(b) illustrate the irradiation induced electrical
resistivity change 80 as a function of ion fluence for Ni and Cu,
respectively. The concentration of doped-in defects by C-ion irradiations
is ’J’.9x10—4 in Ni and 8.6:(10-4 in Cu. In the I-ion irradiation of pre-doped
Ni, about the half of doped-in defects are annihilated at the initial stage
of I-ion irradiation. On the contrary, in Cu, the defect concentration
continues to increase during I-icon irradiation, In the figures are also
shown the resistivity changes of undoped specimens during I-ion

irradiations.
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To study what kinds of defects are annealed by 100 MeV I-icn
irradiation, the thermal annealing experiments were performed up to 300 K
at a constant heating rate of 1.5 deg/min, after the C-ion irradiation and
after the C-ion irradiation plus subsequent I-ion irradiation. Figures 2(a)
and 2(b) show the recovery curves AD/ADO and their teﬁperature derivatives
-(T/Apo)(d(Ap)/dT) as a function of annealing temperature for Ni and Cu,
respectively, where ADO is the electrical resistivity increment due to C-
ion irradiation. In Ni the peak of stage-I recovery is strongly reduced by
the I-ion irradiation, and the reduction of other recovery peaks is also
observed up to V200 K. On the contrary, in Cu only the defect recovery
below V35 K is slightly reduced by I-ion irradiation, but the total amount
of stage I recovery is little changed,

The result of the thermal annealing shows that during the I-ion
irradiation some configurations of defects are preferehtially annihilated
and the others are not. This selective defect annihilation will dominate
the present radiation annealing in Ni and Cu, Then, we assume that there
are several configurations of defects produced by irradiation and that
during the I-ion irradiation some kinds of defects are annihilated by the
subthresheold reccil events with the respective cross secticns. By analyzing
the results of Fig. 1 and Fig. 2, we can determine the subthreshold
recombination cross sections and the defect recovery stages which.
correspond to the subthreshold recombination for the respective defect
configurations. The details of the data analysis will be published
elsewhere.3) The results of the analysis are summarized in Table I,

Wwe can explain the defect recovery spectra after I-ion irradiations of
Figs. 2(a) and 2(b) in terms of the results in Table I. In Ni, the strong
reduction of the stage-I recovery is due to a large cross section for the
subthreshold recombination of stage-I defects, and the reduction of the
stage~I1 recovery is also caused by the subthreshold recoil events. On the
other hand, in Cu, as the cross sectiocn of the subthreshold recombination
is not so large as in Ni, the annihilation of stage-I defects is
compensated by the defect production and the concentration of stage-I
defects remains nearly constant during the I-ion irradiation. For the
defects recovering in stage-II and III, as the subthreshold. recombinaticn
cross section is small, the defect production overcomes the defect
annihilation, which causes the increase of the recovery.

Several experiments of radiation annealing have been performed sco far

. N 4 .
in FCC metals by irradiation of “W,5-3 MeV electrons ) and ions,S) and it
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has been considered that the radiation annealing is caused by the
subthreshold lattice agitations which are induced by nuclear elastic
collisions. Since Ni is the next element of Cu in the periodic table, the
physical parameters related with the nuclear elastic collision are not
quite different between them if irradiating ions are the same, Therefore,
the radiatien annealing in Ni by nuclear elastic collisions is expected to
be about the same as in Cu. The present result shows, however, that the
radiation annealing in Ni is much larger than in Cu, and some different
effect is dominant in Ni. Heavy ions with the energy of V100 MeV lose
almost all energy by exciting the electrons in solid. The degree of the
electron excitation by ions is nearly the same in Ni and Cu. Thus, thé
large amount of radiation annealing in Ni, as compared with Cu, can be
explained as due to the effective transfer of energy from the excited
electrons to the lattice atoms through the strong electron-lattice
Vinteraction. The transferred energy enhances the subthreshold lattice
agitation along the ion beam path, and the agitation causes the
annihilations of a large number of defects in Ni.

Only from the present experimental results, we can not say whether or
not the effect of electron excitation on the radiation annealing is
negligible in Cu, but can clearly say that the difference in the radiation
annealing between Ni and Cu is due mainly to the effect of electron

excitation.
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after 84 MeV C-ion irradiation {open
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irradiation plus subseguent 100 MeV
t-ion irradiation (solid circles).

subsequent 100 MeV 127I-ion
irradiation (solid circles). Solid
squares present the electrical
resistivity change of undoped
specimens during I-ion irradiation.

Table 1 Characteristic data of the radiation annealing in Ni and Cu by 1C0
MeV I-ion irradiation. Index j shows the type of defect configuration, Grj
is the subthreshold recombination cross section and Cj(O)/C(O) is the
fractional initial concentration of defects doped by 84 MeV C-ion
irradiation. Thermal annealing stages corresponding to the radiation

annealing of defects of the respective configurations are also shown.

specimen J Orj Cj(O)/C(O) thermal annealing stage
2 .
{em ) (%) (temperature region)
. -12
Ni 1 6.5x10 20 stage—IE and IC {T<55 K}
2 1.4x10 C 24 stage-I (55 K<T<65 K)
- 89S  pip
-13
3 2.2x1C 1 35 stage-II (65 K<T<210 K)
-13
Cu 1 4,6x10 27 stage-I (T<42 K)
* -14
Z 5.3x10 a7 stage-I1T and III{42 K<T)

* .
This value includes the spontanecus recombination cross section.
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3.2 DEPTH DEPENDENCE OF ISOCHRONAL ANNEALING PROCESS IN Fe
IRRADIATED BY CI TONS

Saburo TAKAMURA, Kiyotomo NAKATA*, Takeo ARUGA** and
Mamoru KOBIYAMA**%

Department of Physics, JAERI, * Hitachi Research Laboratory
Hitachi Ltd., ** Department of Fuels and Materials
Research, JAERI, *** Faculty of Engineering, Ibaraki

University

1. Introduction

Radiation damage by 1ions has a strong gradient with the highly
damaged region in the direction of depth in a sample. Recently in our
group, the depth profiles of damage have been measured by an electrical
resistivity method for several pure metals, and the experimental depth
profiles obtained have been compared with theoretical predictions by using
the modified EDEP-1 and TRIM codes =3,

The damage distribution in displacement cascades produced by ion
irradiation seems to be different with the depth in target materials, and
is studied by isochronal annealing processes in electrical resistivity.

In this study, Cl ions at an energy of 150 MeV are irradiated into
multi-foil samples composed by pure Fe at low temperature, and electrical
resistivity change caused by isochronal annealings of each foil are

measured.

2. Experimental procedure

Foils used in this study were pure Fe(99.85 %) with about 5 pm in
thickness, which were obtained from Goodfellow Metals Ltd.; ratio of
resistivity at 4.2 K to that at room temperature was about 10. The foil
thickness was precisely determined by an weighing method for the foil of
20X 20 mm?. Electric and potential leads were soldered at the ends of the
foils cut to about 2 mm width. Arrangement of the samples for ion
irradiation 1is shown in Fig. 1, schematically; the samples of #!, #2 and
#3 are set at 0-5, 5-10 and 10-15 pm 1in depth from the ion bombarded
surface, respectively. :

Ion. irradiation of 150 MeV Cl ions was performed by a Tandem
accelerator up to a dose of about 2x10'® ions/m?, using a low-temperature
ion-irradiation cryéstatz). The temperature of the samples was not
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precisely determined during irradi-
seems to be held at a
below 100 K,
resistivity of the

ation, but
temperature because
irra-
100 K
After

were

electrical
diated samples decreased above
anneals 1n 1sochronal curves.

the irradiation, the samples

removed from the sample holder in
liquid nitrogen.

The electrical resistivity was
always measured in liquid helium by
the conventional four-probe potentio-
method.

resistivity variations was 0.3 pQm.

metric The uncertainty 1in
Isochronal annealing for 300 s 1in
steps of 20 K from 100 to 360 K was
carried out by using the copper box
with an electrical heater.

Sample ID
#1 .
1ons lead wires
#2 ons > e
#3 .
I0NS
|
5 um thick

Fig.1 Arrangement of foils
for ion irradiation.
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Fig.2 The isochronal annealing curves in the samples
located at different depth from ion bombarded surface

after the Cl ion irradiation.
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3. Results and discussion
Damage peak for Fe 1irradiated by 150 MeV Cl ions appeared at 15.8 pm
in depth, and half-value width of damage distribution was about 3 pm,
which almost agreed with the calculated values. The samples for isochronal
annealing experiment, #i, #2 and #3, are located in front of the highly

damaged region.
The radiation-induced resistivity of the samples was successively

increased in the sequence #1, #2 and #3. The resistivity was annihilated
by the annealing at 360 K for 300 s. The isochronal annealing curves in
resistivity of #}, #2 and #3 are shown in Fig. 2, where A p means the
difference between the resistivity after annealing at a temperature and
that after annealing at 360 K. Mainly two annealing stages of 80 to 150 K
and above 150 K are found in all the samples. The stages are correspond
to stage | ,and stages [ and [], respectively, which have been found in
the annealing cueves of neutron irradiated samplesS). Fig. 3 shows the
annealing curves normalized by the radiation-induced resistivity A p,.

10— —
" o# 3(I0-15um)
\N e 2{5-1Cum)
\ ' a% 1 {0-5um)
- \\
< o05-
~
Q.
<]
I50MeV ClT— Fe
0 . [ . ! . 1 2
0 100 200 300 400

Temperature {K)

Fig.3 The annealing curves normalized by the radiation-induced
resistivity A p,.

While temperature ranges of the stages are strictly the same in the three
samples, the fraction of recovery in the stage above 150 K, stage [I-II,
to A p, increases with depth of the samples. A computer calculation
using the TRIM 85 code®) was performed to know the'average PKA (primary
knock-on atom) energy in each depth of a sample; the result for Fe
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irradiated with 150 MeV Cl ions 1s given in Fig. 4, together with the
damage depth profile. According to the calculation5'siﬁcé the PKA-éhergy
15 almost independent of the depth from the ion bombarded surface, the
defect cluster structure and/or size produced directly by the ion
irradiation, seem not to be different among the samples #1, #2 and #3. As
the large amount of defects 1s produced in the sample at deep positions
(Fig. 2), 1large defect clusters, to be annealed 1in. stage JI-]I, 1is
considered to be formed in the samples. Therefore, the difference of the
fraction of stage [ -] seems to be attributed to the formation of large
cluster 1n the samples at deeper positions during isochronal annealing.
Further study on depth dependence of the damage structure caused by the
high energy irradiation will be required.

- 150 MeV Cl—Fe TRIM 857
IO

> o~
QD =
= - - &
— =
- L S
= 4 5
w N | | L -_—
® | | .
< SF ® i F2 J i3 — - . J o
x O
o | g
& / 4 Q
o
e8]
K f i

20

Depth (um)

Fig.4 Depth dependent average PKA energy(dotted line) and damage
(solid line}; calculation for Fe irradiated by 150 MeV Cl 1ions.
The sample positions are also indicated.
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3.3 CALCULATION OF DAMAGE DEPTH PROFILES FOR 2-7.5 MeV/amu
HEAVY IONS ON PURE METALS WITH EXPERIMENTAL COMPARISONS

Takeo ARUGA, Kiyotomo NAKATA® and Saburc TAKAMURA™

Department of Fuels and Materials Research, JAERI,
"Hitachl Research Laboratory, Hitachi Ltd., ""Department
of Physies, JAERI

For ion irradiation techniques utilized in fields of ‘material
science and engineering, a precise knowledge of the damage distribution
is wvital. Computer codes of EDEP—lLﬁ, Brices's code’ and TRIM' have
been frequently used as standards to calculate the depth' profile of
damage and of the implanted ions. These codes are, however, limited
elther in lowver energy(LSS) region, or in available stopping powers or
in consumption of computer resocurces. It is highly desirable to
develop a standardized code with wuniversally avallable stopping
formulas and data for the damage distribution of ion 1irradiation.
Presently,the applicability of the EDEP-1 code extended to the high
energy region, EDEP-1(ext.), was examined for predicting the damage
depth profiles of highly energetic heavy ions”’ .

The extension tc the high energy region was made for the second
version of EDEP-1~. The code calculates the depth profile of energy
deposited into elastic collision based on the sapproximation that a
distribution of ion energies at any depth can be related %o the range
straggling and that the primary knock-on atom ranges are small. Below
Elia=25Z1° keV/amu, the LSS stopping power with the revised k of Land
and Brennan® is used. The electronic stopping power by Zieglerﬂ is
adopted for energies higher than 1.5 MeV/amu. In the intermediate
energy region from Ej;; to 1.5 MeV/amu, the semi-empirical electronic

¥ is used. The electronic stopping powers

stopping power by Suglyama
for +three energy regions are smoothly connected by matching
interpolation around the boundary energies and are here designated as
S.(LBSZ: or S. of Land-Brennan-Sugiyama-Ziegler. The nuclear energy loss
and relevant energy straggling are calculated by the stopping cross
section of Wilson et al.(WHB)” in stead of previous one of Lindhard et

al.(LNS). In the present extension, electronic range straggling is
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+aken into consideration and is added to the nuclear range straggling.
The calculated parameters for the damage depth profiles are glven

in table 1, and are compared with our experimental parameters already

reported'”, as well as those obtained by TRIM85''

discrepancies between the calculated and measured depths for the peak

calculations. The

damage are compared in fig. 1 for C- and Cl-ions as a function of the
target atomic number. The discrepancles for C— and Cl-ions lie within
a respective band, as shown in fig. 1. This means that the presently
adopted electronic stoppling power still have to include
Z\.Z>-dependence in the energy region up to 7.5 MeV/amu. The damage
straggling calculated by EDEP-1(ext.) or by TRIM85 are considerably
smaller, even if the electronic straggling is included in the former,
compared with the experimental values (table 1). Inclusion of
electronic straggling in EDEP-1(ext.) calculation gives slightly larger
straggling values for the lighter ions.

In summary, the depth profiles calculated for pure metals of Al,
Fe Ni, Cu, Ag and Ta irradiated with 2-7.5 MeV/amu heavy ioms of C, Cl
and Br show that the extended code gives nealy similar profiles and
depths of peak damage to those obtained by a Monte Carlo calculation
code, TRIM&S. The discrepncies from the experimental peak depths are
less than 15 %. The damage straggling around the peak, however, are
calculated to be much smaller than the experimental values. The present
discrepancies in damage stragglings suggest that the damage produced
by recoils, which would be created by the ions with considerable energy
straggling after long path lengths, must be properly evaluated for
highly energetic lons.
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3.4 MICROSTRUCTURE AND MECHANICAL PROPERTIES OF ION
IRRADIATED FE-12%ZCR-15 TO 307ZMN ALLOYS

Shozo HAMADA™, Akimichi HISHINUMA®, Kazuya MIYaHARA™™

Yuzo HOSOI™® and Hideo KAYANO™™*

*  Department of Fuels and Materials Research, JAERI,

*% Department of ITron and Steel Engineering, Nagoya
University,

#*% Research Institute of Iron and Steels, Tohoku

University.

1. Introduction

The potentiality of Fe-Cr-Mn alloys as substitutes for Fe-Cr-Ni
austenitic stainless steels or Fe-Cr-Mo ferritic stainless steels is
explored under much effort(1’2>, because this substitution is desired to
achieve a reduced level of radiocactivity in fusion structural materials.
Fusion neutron irradiation is known to cause several kinds of degradation
of mechanical properties of materials, that is, irradiation embrittlement,
helium embrittlement, hydrogen embrittlement, irradiation creep, etc. The
object of the present work is, as one of these tasks, to investigate the
effect of helium and hydrogen injection on micrestructures and mechanicai
properties of Fe-Cr-Mn allcys. This time, however, as a first step of the

present research, helium effect only has been investigated.

2. Experimental procedures

Materials used were Fe-12Cr-15Mn and 30Mn alloys, which were melted in
vacuum irduction furnace, Chemical composition of these materials is shown
in Table L. After the solution treatment at 1323 to 1373K for 3.6x10%s in a
vacuum, the materials were water quenched, mechanically polished to the
thickness of 100 to l60ym and then small size tensile test specimens {gauge
width 1,2mm, gauge length Smm, total length 12.5mm) and 3mm diameter discs

for transmission electron microscope (TEM) were die punched.

Table ¥ Chemical composition of materials used (wt?)

C Si Mn P S Cr W N 0
15Mn | 0.006 0.009 14.74 <0.003 0.009 12.33 <0.01 0.0015 <0.0010
30Mn § <0.003 0.011 29.72 <0.003 0.C13 12.62 <0.01 0.0016 0Q.011




JAERI-M 88-181

According to the X-ray diffraction analysis and optical microscopy
image analysis, Fe-12Cr-15Mn alloy was composed of 637 ({ martensite phase,
20Z7 £ martensite phase and 15% 7J (austenite) phase. On the other hand, Fe-
12Cr-30Mn alloy is consisted of 2%Z § ferrite phase and 987 7 phase.
Hereafter, Fe-12Cr-15Mn alloy and Fe-12Cr-30Mn alloy are designated to 15Mn
alloy and 30Mn alloy, respectively. Helium injection was performed by 30MeV
alpha particle irradiation to the specimens, using a SF cyclotron of
University of Tokyo (INS). A sheet of stainless steel foil of 100um
thickness and O te & sheets of aluminum foils of 7um thickness were
inserted into the beam path as an energy absorber. The calculation of
projected range based on the E-DEP-1 and the reported stopping powers shows
that this irradiation condition makes the uniformly He-implanted region of
ZOym width around the midst of the specimen thickness. Alpha partlcles were
implanted up to 3. 3x10  em with the beam current of ZPA/cm on the
specimens set on a specimen holder which was cooled by flowing water.

Tensile test (strain rate; 1x10_3s_1) were made at room Cemperature.
The fracture surface of each specimen was observed by a scanning electron
microscope; He bubblie distribution in the He deposited area was observed by

a transmission electron microscope (JEM 200CX).

3. Experimental Results

The TEM observation shows that many helium bubbles were formed in the
helium deposited area in the martensite of 15Mn alloy and in the austenitic
phase of 30Mn alloy, which were irradiated to 2x101 7em™2 (average He
concentration in the He deposited area;2000appm) and the number density of
helium bubbles in 15Mn alloy was lower than that in 30Mn alloy. The average
size of helium bubbles observed in 15Mn alloy { 100nm) was smaller than in
30Mn alloy ( 200nm).

‘Both alloys show the decrease of total elongation with the helium
injection. On the other hand, the strength of both alloys did not change
systematically with the helium injection, that is, 0.27 proof stress and
ultimate tensile strength of 15Mn alloy increased, but those of 30Mn alloy
decreased with the helium injection.

The scanning electron microscope observations of the {racture surfaces
in the tensile tested 15Mn and BOHn alloys indicate that both unirradiated
and irradiated (1.9x1017cm'2 1600appmHe) 15Mn alloys fractured by the mcde

1
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of transgranular ductile fracture. On the other hand, in 30Mn alloys, the
transgranular ductile fracture was observed only in the unirradiated 30Mn
alloy and the intergranular ductile fracture was observed in the helium
deposited zone of the specimen of 30Mn alloy irradiated to 2.1x1017¢n™2
(1800appm). Moreover, the traces of helium bubbles were recognized on the

intergranular ductiled fractured surfaces.

4, Discussion and Conclusions

The elongation of these alloys decreased with alpha particle
irradiation, Intergranular-ductile fracture was observed on the Fe-12Cr-

zat

30Mn alloy in which alpha particles had been injected up to 2.1x1017cm“
the depth of range, whereas transgranular-ductile fracture occurred on the
© Fe-12Cr-15Mn alloy. These fracture modes of Fe-Cr-Mn alloys are, however,
in contrast to the authors' previous re5u1t5(3) of type 316 stainless steel
which showed intergranular-brittle fracture in the helium deposited zone.
The difference of the formation and distribution of helium bubbles among
two Fe-Cr-Mn alloys and type 316 stainless steel was recognized, and this
difference is considered toc be an impertant factor to determine the

fracture modes of these materials.
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3,5 VOLUME CHANGE OF LITHIUM OXIDE BY LITHIUM

ION IRRADIATION

Yoshinobu ISHIY, Kenji NODA and Hitoshi WATANABE

Department of Fuels and Materials Research, JAERI

1. Introduction

Lithium oxide ( Li,0 ) is a candidate of tritium breeding blanket
materials for a fusion reactor. During operation of the fusion reactor,
a lot of defects will be introduced in the Li20 by the energetic par-
ticles (neﬁtrons, tritons and helium icns ). These defects will induce
swelling and cracking. The swelling of Li,0 sintered pellets was
measured after high dose irradiation at high temperature using EBR—IIl)
and it was concluded to be mainly associated with helium bubbles, Te un-
derstand the swelling of Li,0 associated with the formation of point

defects or clusters, the wvolume change of Lizo irradiated with the

lithium ions has been measured by using a photoelastic technique.

2. Experimental

Specimens were cut in rectangular shape ( about 7mm in length, 4mm
in width, 0,264 mm in thickness ) from the single crystal. These were
annealed at 1270 K for 10 hours in high vacuum (1 x 10_'3 Pa ) to remove
the residual stress induced by cutting and to eliminate LiOH or Li,CO,
formed on the surface, After these treatments, the specimen was mounted
on a circular polarimeter which was egquipped in a high vacuum chamber.
One half of the specimen was irradiated with lithium icns ( 80 MeV ) by
using a tandem accelerator at JAERI. By such irradiation an irradiated
part expands, but an unirradiated part remains unchanged, Then a strain
field is introduced into the specimen. The strain field was measured by
using the circular polarimeter. The schematic illustration of the cir-
cular pelarimeter used in this experiment is shown in Fig.l.

The measurement of the volume change of the specimen was intermit-
tently carried out after irradiation for the several hours at room tem-
perature, Further experimental procedure is described elsewherez).

After irradiation, the recovery of the volume change of the

specimen was investigated by isochronal annealing experiments, The
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Fig.l Schematic illustration of circular polarimeter.

irradiated specimen was heated for 30 min, at each annealing temperature

from 323K to B73K,

3. Results and discussion

In Fig.2, the displacement

per atom ( D.P.A ) 1is shown
schematically as a function of
the distance from surface of
Li2O irradiated by lithium ions
with an energy of ©€0MeV., The
hatched part in Fig,2 shows the
specimen in the direction of the
thickness in cur experiments,
The penetration depth of lithium
Jis about 0.36 mm

ions ( o0MeV

for the LiZO. The bombarded
lithium ion dose not stay in the
specimen and causes the uniform
volume expansion in the direc-
tion of the depth.

& typical strain profile of
shown in

irradiated Li20 is

Fig.3 as a function of the dis-

DPA.

! |

=

t T |
0.1 c.2 0.3 04 0.5

Distance from a surface { mm )

Fig.2 Displacement per an atom
( D.,P,A )versus the distance
from the surface of Li20 ir-
radiated by lithium ions with
of ©&0MeV. The

the energy

hatched part shows the
specimen in the direction of

the thickness,
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tance from the boundary between

the unirradiated and the ir-

radiated part. Longitudinal axis

indicates rotation. angle which

is proportional to induced

strain. -In the unirradiated

part, the rotation angle in-

creases rapidly with the dis-
tance from the boundary and have
a maximum value at about x=-0.9

mm, then it decreases gradually

toward the specimen edge. To get

the fractional volume change,
the wvalue of rotation angle at
X=-0.9 mm was used and analysis

conducted by the same way as

described 1in our previous

reportZ).

The fluence dependence of
the fractional wvolume change of

Li20 irradia;ed with lithium

ions 1s shown in Fig.4. The

fractional wvolume change in-

rapidly with the 1ion

of 2.5 x

creases

fluence up to a wvalue

1019 ions/m2. Above this wvalue

they increase very slowly. This

similar to that

of the oxygen-ion irradiationZ).

dependence 1is
- The recovery behavior of

fractional wvolume change 1is
shown in Fig.5 as a function of
annealing temperature, Two
stages appeared in examined tem-
perature range i.e., one was in
the temperature range from 350

to 600 K,the other was about

AV/V (107Y)

2
Unirradiated pori ]Irradioted
) part

@
L Q- e Nt
=y £
<L
&
= ~2.5x 10" ions/m?
1=
[ s

-2 | H | ] ] [
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Strain profile ir-
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Fig.3
radiated to lithium
ions/m2 as a function of the

distance from the boundary.

5

4 —

3L
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1

00 ! 1 1 ] ! | |
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Fluence {10' ions/m?)
Fig. 4 Fluence dépendence of

the fractional wvolume change,
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700 to 870k. It is known by our
ESR and optical absorption ex-
periments that'F+ centers and
the lithium colloid recovers at
and

temperature about 500 K

about 780 K, respectively. From

these facts, it 1s understood
that the first stage in these
experiments is related with the
recovering of the F* centers and
the second stage is related with
the lithium colleid.

To clarify mechanisms of
this macroscopic volume expan-
sion of Li,O0 irradiated with
lithium ions, information about
the the concentration of F' cen-
ters and the lithium colloid and
the volume change due to each of

them is required. Furthermore,

t.2
Li®: 60 Mev
1.0CD f =134 1 10% ions /m?
O
08
o
3 o6k Q
S
-]
<3 CTJDJQ\
0.4+ o)
t = 30 min b\%
0.2+
(3] SPARIR ] 1 | L
0 400 - 600 800

Annealing Temperofure (K)

Fig. 5 Isochronal annealing of
irradiated specimen, Annealing
time is 30 minutes. 4V, is a
of the

increased volume

specimen irradiated up to

1.34x1020 ions/mz.

a microscopic volume change ( lattice parameter change ) measurement is

useful to understand the volume change related with the elementaly

defects.

ESR and optical absorption studies and measurements of lattice

constant of Li20 irradiated with lithium ions will be carried ou%.
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3.6 EFFECT OF IRRADIATION DAMAGE ON ION CONDUCTIVITY OF L120
¥
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1. Introduction

In lithium oxide (Li,0) as a solid breeder material of D-T fusion
reactors, a large number of irradiation defects will be introduced by the
high energetic neutrons (up to 14 MeV), tritons (2.7 MeV)} and helium ions
(2.1 MeV) produced from 6Li(n,D()BH reactions. These defects will not only
induce swelling but also have a large influence on migration of tritium
and the composing atoms of the materials.

Defects in Li,O irradiated with thermal neutrons and oxygen ions have
been investigated by electron spin resonance {(ESR) and optical absorption
methods, to understand fundamental properties 1-3),

In the present study, the ion conductivity of Lizo irradiated with

oxygen ions was measured to get information of irradiation defects and ir-

radiation effect on the migration of lithium ion.

2. Experimental

Specimens used were. thin plates (7 to 9 mm in length, 8 to 9 mm in
width, 0.3 to 0.4 mm in thickness) of Lizo single crystals. The specimens
were annealed at 1270 X for 10 h in a vacuum better than 1x1073 Pa to
eliminate OH ions or LiOH from the specimens,

The specimens were irradiated with oxygen ions (120 MeV) by using a
tandem accelerator at JAERI. Measurements of the ion conductivity of the
specimens along the direction perpendicular to the thickness were con-
ducted "in-situ" in an irradiation chamber at the prescribed temperatures
with a two-terminal AC method using a HP Model 4194 A impedance analyzer

after interrupting the irradiation at the ambient temperature.
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3. Results and Discussion

The ion conductivity at a measurement temperature of 443 or 489 K was
measured at various ion fluences using one specimen for each measurement
temperature., Fig. 1l shows typical examples of relationships between the
ion conductivity and measurement time at 443 X for various ion fluences.
The conductivity decreased with the measurement time in each run, reaching
constant values after 5000 to 10000 s. Such relationships between the
conductivity and the measurement time were also observed at 489 K. The
decrease of conductivity with the measurement time was assumed to be due
to desorption of water from the surface of the specimen, which arose from
adsorption of water vapor in the irradiation chamber at temperatures lower
than the measurement temperatures. Evidence for such adsorption-
desorption behavior of water on the sufface of Li,0 in vacuum was provided
by an experiment in which the behavior of water or OH ions near the sur-
face of Li,0 single crystals in vacuum at various temperatures was studied
with elastic recoil detection (ERC) using 2,0 MeV helium ions 4). The
constant values of conductivity after 5000 to 10000 s can be regarded as
the ion conductivity of the specimen.

Fig. 2 shows the relationships between the ion conduetivity and the
oxygen ion fluence at 443 and 489 K. The conductivity at 443 X increased
with the fluence to attain a constant value above 6x10'° ions/m?. The
conductivity at 489 K decreased continucusly with fluence in the examined

range (up to_3.45x1019 ions/mz). _
. After the irradiation, the recovery of ion conductivity was inves-
tigated by isochronal annealing experiments. The recovery behavior is
shown in Fig, 3. For measurements at 489 K, the conductivity increased in
the annealing temperature range from 489 to 570 K, to be completely
recovered to the level before the irradiation., On the other hand, for the
measurement at 443 K the conductivity decreased once with the annealing
temperature in the temperature range from 443 to 498 K, and then it in-
creased with the annealing temperature in the range from 498 to 548 K.

The temperature range in which the conductivity increased was almost
the same as that for the recovery of the F* center {(an oxygen ion wvacancy
trapping an electron) in Lizo 2'3). Accordingly, the increase of the con-
ductivity at 443 and 489 K in Fig, 3 can be attributed to the recovery of

Fr centers. The decrease of the conductivity at 443 K during the anneal-
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ing may be due to unspecified irradiation defects which enhance the con-
ductivity and are recovered in the range 443 to 438 K.

It is the migration of lithium ions, rather than oxygen ions, in Lizo
that leads to the ion conductivity, since lithium ions diffuse much more
rapidly S}u So, the results in the present study suggest that the dif-
fusivity of lithium ions is decreased by the ¥ centers in the range from
490 K to the temperature at which the F¥ centers are virtually recovered
(about 570 K). Around 440 X the diffusivity of lithium ions is supposed
to be increased by the unspecified irradiation defects mentioned above.

The ion conductivity of Li,O depends on concentration of OH im-
purity. The OH impurities introduce lithium ion.vacancies to maintain
neutrality of the lattice. Consequently, lithium ions are considered to
diffuse by a vacancy mechanism. The ion conductivity can be expressed by

= NeNy, My, ),
where N is the number of lithium ions, qw;the mole fraction of lithium ion
vacancies, and/Uw;the.mobility of lithium ion vacancies. The lithium ion
vacancies have a negative charge, while the F' centers have a positive
charge. Therefore, the lithium ion vacancies are electrostatically at-
tracted by the ¥ centers. Accordingly, the decrease of ion conductivity
{the decrease of diffusivity of lithium ions) at 489 K due to the irradia-
tion-can be attributed to the decrease of mobility of lithium ieon
vacancies due to retardation by the Ft centers, or to the decrease in num-
ber of mebile lithium ion vacancies due to trapping by the r* centers,

In addition, the unspecified irradiation defects enhancing the ion
conductivity (the diffusivity of lithium ions) at 443 X are considered to

be defects which increase the number of mebile lithium ion vacancies,
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3.7 IRRADIATION DAMAGE STUDIES OF CERAMIC MATERIALS
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Many kinds of ceramic materials are considered ﬁo be used in fusion
reactors. Improvement of resistance to irradiation degradation of ceramic
materials is desired for development of the fusion reactors. Such im-
provement will make application of ceramic materials in radiation cir-
cumstance (fusion and fission reactors, space, etc.) larger. In this
study, radiation damage and behavior of electric resistivity of 8iC and
YBa,Cus0qg_y irradiated with nitrocgen or oxygén ions were studied, in crder
to get-fundamental information for improvement of resistance to irradia-
tion degradation.

Specimens used were SiC single crystals and sintered YBaZCu307_x.

The specimens were irradiated by nitrogen ions with an energy of 400 keV
or oxygen ions with an enerxrgy of 1.0 MeV using 2 MV Van de Graaff ac-
celerator at JAERI. After the irradiation, measurements of‘glectric
resistivity and transmission electron microscope (TEM) observation of the
specimens were carried out,

For SiC single crystal TEM specimens irradiated to l.lxlO21 ions/m2
by nitrogen ions, whole areas being observable by TEM -were found tc be
changed into amorphcous state, As reported previously, partial amorphiza-
tion due to irradiation was observed for ﬁ--SiBN4 irradiated to 2.2x10°%
ions/m2 by argon ions with an energy of 400 keV, which introducéd dis-
placement damage more effectively than the nitrogen ions with an energy of
400 keVl’Z). So, it seems that irradiation degradation of'SiC‘occurred
more easily than that of ﬁ-Si3N4. However, systematic radiation damage
studies are necessary to clarify difference of radiation damage production
between SiC and ﬁ—Si3N4; I

Electric resistivity of sintered YBa,Cu, 0, . disk specimens
(diameter; 6 mm, thickness; 0.6 mm) was measured using DC four-terminal

method. For the irradiated specimen, the electrodes were attached on the
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irradiated surface. Fig, 1 shows relationship between electric resis-
tivity and temperature for the YB32Cu307_x specimens unirradiated and ir-
radiated to l.lxlO21 ions/m2 by oxygen ions. The unirradiated specimen
was in super conductive state below 90 K, while the irradiated specimen
was not even at 77 K. After the measurements of electric resistivity, the
unirradiated specimen and the irradiated region of the oxygen-ion-
irradiated specimen were observed with TEM. In case of preparation of the
TEM specimen for cbservation of the irradiated region, the irradiated
specimen was thinned from conly the unirradiated surface side by argon ion-
milling so that only the irradiated region might be remained, Fig. 2
shows electron micrographs and diffraction patterns of the unirradiated
specimen and the irradiated region of the oxygen-ion-irradiated specimen.
The unirradiated specimen was found to be orthorhombic super conductive
phase consisting of many twins, On the other hand, it was seen from the
hallow rings that the irradiated region was changed into amorphous state

by the irradiation.
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Fig.2 Electron micrographs and diffraction patterns of sintered

¥Ba,Cu;05_, specimens unirradiated (a) and irradiated to
1.1x10%1 ions/m? with oxygen ions with an energy of 400 keV
(b).



JAERI-M 88-181
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Introduction

Most of semiconductors, which have tetrahedrally bonded scolids, have a
negative thermal expansion coefficient below approximately 10C K and a
corresponding negative Gruneisen parameter,

Recently, we have studied the thermal expansion of GaP single crystal
by means of measurements of lattice parameter, and found a small negative

Y However, this value of GaP 1is

2)

very smaller than that of Si and InP. In the previous paper”’, we reported

thermal expansion coefficient below 50 K,

the effects of thé heavy ion irradiation on negative thermal expansion
coefficient in 8i and InP . By the irradiation, we found remarkakble
changes of thermal expansion coefficients in the irradiated 5i and InP
crystals .

In this paper, we report the effect ¢f heavy ion bombardment on

negative thermal expansion in GaP single crystal.

Experimental Procedures

The specimens were prepared in thin rectangular plates of GaP single

2 and thickness of 0.3 mm. These specimens

010 2

crystals with area of 3x10 mm

were bombarded with 120 - 150 MevV Cl+1O ion at 4 x 1 ion/cm“sec at about
liguid nitrogen temperature, After the irradiaticn, the specimens were
warmed up to room temperature, By using & CuK beam through a fine slit
of 0.2 mm in width, the Bragg reflections were measured by the Bond method
in which two counter were placed symmetrically. Measurements of the
thermal expansion coefficients by the lattice parameter were made between

at 4,2 K and room temperature.
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Results and Discussion
-Typical results of this experiment are shown in figure 1 for -GaP

0 ions . The figure shows

specimens bombarded with 120 MeV - 150 Mev-c1tl
the results of the temperature dependence of the lattice parameters in
irradiated specimens and unirradiated specimen.

Characteristic features of the results are as foilows : 1) Very large
values of increased lattice parameters, da / ao, with the irradiation were
obtained to be about 10 %, However, the values of the lattice parameter
decreased a little with the doses of Cl ions. 2) Remarkable change of
negative thermal expansion of lattice parameters was found. Temperatures
corresponding to the minimum values of the lattice parameters shifted to
lower temperature and the minimum value of lattice parameter decreased more
deeply, as shown in figure 1,

It is very surprising that the changed values of the lattice parameter
after the heavy ion irradiation amount up to 10 % in GaP crystal with the
Cl ion irradiation, We observed the similar result for the ion
irradiated specimen of InP in which the change of lattice parameter was
732),

The heavy ion irradiation is expected to produce a large numker of the
defects, We tried to estimate the concentration of the induced defects in
the GaP crystal with a1t bombardments from the measured lattice parameter.
There is , however, no value of the relative volume change per
interstitial, so we used a value of Si crystal (éﬁvﬁjl) = 0,55 and we got
the concentration of defects in the irradiated GaP crystal to be 0.5 for
the measured lattice parameter change/a/ay = 0.1 with 120 MeV Cl ion
irradiation to the fluence of 6 x 10 l4ions/cnﬁ{ Very large number of the
defects would exist after the irradiation even if the defects recovered
during the irradiation and warming up to the room temperature, resulting to
the large change of the relative lattice parameter( a/ao) up to 10 %, It
will be expected for these defects to change the thermal expansion
coefficients remarkably.

In the case of materials which have negative thermal expansion
coefficients, it has to take into account the increasing frequencies of
lattice vibrations with temperatures and/or expanded volume. Barron 4) has
pointed out that the normal mode which satisfies the above condition must
be the transverse acoustic one { so called shear mode vibrations ) in the

short wave length region., Most cf the defects would be interstitial

clusters and/or dislocation loops, and many of the bonding chanins of these
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atoms be cut down. So, the atoms would be able to vibrate easily and the
transverse acoustic mode be enhanced at lower temperature, It is also
reasonabkle that the temperature of the minimum values of lattice parameters
shifted to lower temperature, because the shear mode vibration { so-called
TA modes } would be easily able te occur in the cut-bonding specimen. This
phenomenon has also been found for Si crystal after Cl ien irradiation, as

already reportedz)

A more-detailed experiment is currently in progress and will be

‘published elsewhere.

References

1) K, Haruna, H. Maeta H, K. Ohashi and T, Koike : J, Phys., C Sclid State
Phys., 19 {1986) 5149.

2} H. Maeta, K. Haruna, K. Ohashi, T. Koike and F. Ono, JAERI TANDEM,
LINAC & V.D.G. Annual Report 1985, p 45.

3) T,d, Barron : Phil.Mag,, 46 (1255} 720,

4) Point Defects in Solid, ed. by I.H. Crawheld and L,M. Slifkin, p.96.

5) W. Mayer and H. Peisl : J, Nuclear Materials, 108 & 109 (1982) 627,




JAERI-M 88-181

Temperature (K)
0 50 100 150 200

6.0285 T | | 1
' o
60284 et irred.
o t NT
o 150 MeV ¢
602831 0.5hr
o © o 120 MeV
6.0282 -
. = (]
6.028! - .
= Gap
6.0280 ooy oooat Do
OE {5hr
= 6.0279| ~o
E O 4 hr
2 502781 e
o
S o
O
6.0277 - O
§ DDDDDDDD o
S 6.02716 o
- 00O o
: 0,00
6.0275 -
5.4474
non irrad.
54473
54472+
5.4471 L '
0 50 100 150 200
Tempercture (K}
Fig. 1 Temperature dependence of the lattice parameters in GaP single
crystals irradiated with 120 MeV Cl't'lo ion at ligquid nitrogen

temperature,




FAERI-M 88-181

3.9 X-RAY DIFFRACTION TOPOGRAPHIC OBSERVATION
OF SILICON SINGLE CRYSTALS _
IRRADIATED WITH ENERGETIC HEAVY IONS (6)
Hiroshi TOMIMITSU

Department o{wPhysics, JAERI

l. Introduction

The lattice disorder induced by ion-irradiation has been studied by

l)‘h}aw'e shown that dis-

X-ray diffraction topography (XDT). Schwuttke et al
orders concentrate in the very thin layer corresponding ;o,ihe range strag-
glings of projectiles, when 5i single cryétars'wefériffadiéted with 2 MeV
N+, B+ and P+ ions to the doses of more than lolaions/cmz,‘ andt the upper
and lower parts of the specimen crystal separated by the &isordered thin
layer remained perfect. More refined study by Bonse; Har;.andechwuttkez}
found the interference fringes arising frem the two @erféct;pegions sep-

arated by the very thin disordered layer.

)thg following results by the

The present author has also: reported3
conventional XDT-observation in Si éingle crystals irradiated with 150 MeV
9+ 9+ ' o ’

Ni” and Cl

tained heavy strains which concentrated at the irradiation boundaries, and

ions; 1) the specimens were deformed-as a whole, 2) they sus-

3) systematic fringes were observed in the irradiated areas.

In order to confirm the results mentioned above, further measurements
were made on the specimens irradiated with various kinds of energetic ions.
The present article briefly summarizes fhe results of the conventional XDT-

observation on those heavy-ion-irradiated Si single erystals.

2. Experimental Procedure

Si wafers used in this experiment were”%rown b?‘Cz—method along <100>
or <1il1> direction, cut into slices with sirface indices of (100) or (111y,
respectively, of the thickneés of 300 or 600 um, and finished with chemi-
_cai-etching or mechanical-poiishing.

The ion-irradiations were carried out with the tandem accelerator of
this institute, operated with terminal accelerating voltage of about 135MV,
on which icns .were accelerated up-to several tens of MeV or -up to about 200

MeV depending on their respective charge states as listed in Table 1, where
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typical conditions of the ion-irradiation are summarized for all the speci-
mens including those examined in the fiscal year 1987(%), together with the
observation-results to be mentioned in the next section. All of the speci-
mens were partially covered with specially designed masks made of Al or Mo
foils of around 30pm thickness, to examine whether any special crystal-
imperfection such as dislocations are generated or not through the irradi-
ation. During the irradiation period, the wafers were cooled with liquid
nitrogen via Cu-supporter.

In order to examine the effect of the beam-homogenity on the irradi-
ation-caused lattice-imperfection, around 40% of the all specimen was ir-
radiated with the horizontally-scanning beam of the vertically-elongated
cross section. The comparison will be mentioned in section 3.4.

The XDT-observation was carried out with a fine focus x-ray generator,

mostly with the Mo-Kal radiation.

In more than 350% of the specimen examined, macroscopic deformation
was, more or less, recognized because the angular position of the reflec-
tion maximum in the rocking curve moved as the position of the incident X-
rays on the specimen surface was moved and because a topograph taken at an

angular position showed only partial images of the whole specimen crystal.
35C19+(Dose:

)
6><1014 ions/em™) was concluded to be convexed towards the irradiated sur-
face, the estimated value of the radius of the surface curvature being

about 33m.

The crystal deformation in the specimen irradiated with 150MeV

3.2 Lattice Strains at_Irradiation-Boundaries
In almost all specimens examined, the so-calied "black-and-white"

contrasts were observed at the boundaries between the irradiated- and non-
irradiated areas separated with the specially designed hollow of the mask
foil. This fact indicates that the heavy lattice~stirains concentrate at the
boudaries. The lattice-strain at the irradiation boudaries was concluded to
be 'perpendicular to the boudary, because the black-and-white <contrasts
were clearly observed at the parts of the boudary perpendicular to the ref-
lection vector and, on the other hand, they were only faint at the parts
parallel to 1it. Furthermore, it was confirmed that boudary-lattice-strain
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Table 1 Summary of Experimental Conditions and Results

Spec. |Projectile| Thick. Surface{ Energy Dose Beam Kesults**’
No. | lon (um) index | (MeV) (x16'%/cm®)| Scan. | © & © @

* 70201 iz 300 100 20 14.8 No Yes No Yes Yes
¥ 70202 L% 300 100 20 5.1 Yes Yes No  Yes NO
110201 1g3 610 111 20 4.1 No Yes 5o Yes Yes
110301 1ige- 810 111 30 1.8 Yes Yes Ne Yes Yes
110401 1igar 610 111 40 1.3 Yes ves  No  Yes  No

X 110601 11ge 610 111 60 8 No Yes No VYes VYes
* 110602 11ga” 340 100 60 7 Yes Yes No No  Yes
X 120301 1204 600 111 30 4.9 No Yes Yes VYes Yes
* 120302 1204 600 111 30 6.4 Yes Yes No Yes Yes
X 120801 12CAr 600 111 50 18.3 No Yes No Yes Yes
* 120602 U 600 111 50 35.3 Yes Yes = No Yes Yes
121002 1205 360 100 100 43.2 “No Yes Yes No No
121603 rzger 605 i1 100 15 No Yes No  Yes No
121004 teget 800 111 100 135.4 Yes Yes No  Yes No

X 140401 il 510 111 40 3 Yes Yes No No NO
% 140402 TANAT 610 111 40 4.7 NO Yes No No No
140801 14aNo" 610 111 30 2.4 No Yes No Yes  Yes
140802 Tags+ 605 111 80 3.2 Ves Yes  No No Yes

¥ 160601 1608~ 360 100 60 10.7 Ko Yes Yes Yes VYes
160801 1eqge 600 111 80 3 No Yes Yes .:Yes VYes
161201 1807 470 100 120 6.9 NoO Yes Yes ko Yes
190601 18pe 370 100 80 2 No Yes Yes No - Yes
191201 | '8F7F 340 100 | 120 3.2 No Yes  Yes No VYes
281001 28gj 8+ 355 100 100 .1 No Yes Yes Yes Yes
281501 2Bgj o 470 100 150 1.2 No Yes Yes Yes VYes
320501 3297+ 370 100 S0 0.1 No Yes Yes Yes Yes
321001 s2g8+ 370 100 100 0.9 No Yes VYes Yes Yes
321501 | 3@ge+ 340 100 150 28.5 Yes Yes Ves Yes VYes
321851 | #=§10 370 100 165 1.1 No Yes Yes Yes . Yes
351201 508 340 100 120 1 No Yes No VYes No
351202 3B 340 100 120 51.7 Ves Yes  VYes No  Yes
351401 e 330 100 140 0.7 Yes Yes '~ No  Yes No
351402 gacye 330 100 140 - 8.1 Yeg Yes Yes Yes No
351403 b 0 370 111 140 6.1 Yes Yes Yes Yes No
351501 gscyEr 420 100 150 5.7 No Yes Yes Yes VYes
351502 3sCcpio 350 100 150 8 No Yes Yes No NO
351651 saCEr | 340 100 165 1 Yes Yes  Yes No Yes
351652 Sacyra 350 100 ¢+ 165 4 Yes | Yes  No No ~ Ko
581851 S8y R 420 100 165 0.5 No Yes Yes Yes Yes
581901 | “SNi'Z* | 805 111 | 180 0.4 No YVes MNo Yes Ves
581921 BB 363 100 192 0.7 Yes "Yes Yes Yes No
831801 830y 640 111 180 3.1 Yes Yes No - Yes - No-

X 631802 O3yl 610 111 180 2.6 No Yes Yes Yes Yes
300201 BUpret 470 100 a0 10 No Yes No NO No
801201 Sogp1o- 370 100 120 3 Yes | Yes Ves No No
1971691 | 'STAu!3* 470 100 169 0.9 NO Yes Yes No. Yes
1972101 T9TAY S 370 100 210 1 Yes Yes Yes VYes No

Notice: ®) The irradiation was made during the fiscal year 1987.
¥ %) @ Macroscopic Beformdation of the Specimen Crystal
@ Lattice-Strain Concentrated at the {rradiation Boundaries
7 Defect Images Caused by the lon-irradiation
@ Interference Fringes within the lrradiated Area
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reaches at the other surface far from the irradiated surface, because both
of the strain images,i.e. the black-and-white contrasts, at the irradiaticn
boundaries were very similar to each other in the topographs taken on the
irradiated surface and on the other surface, in the topographs taken with
the reflection vector perpendicular to the specimen surface.

In spite of those heavy lattice-strains observed at the irradiation
boundaries, however, there was not observed any particuiar lattice defect

like dislocations generated around the irradiation boundary.

3.3 Irradiation-Caused Damages
In more than 60% of the specimens examined, irregular contrasts were

observed within the irradiated ares, which seemed to indicate -the damaged

lattice caused by the ion-irradiation.

Regularly arrayed systematic fringes were observed in more than 70% of
the specimen irradiated without beam-scanning, while in more than 60% of
the specimens irradiated rather homogeneously with beam-scanning, they were
not observed. The origin of such interference fringes, thus, seems to be
attributed to the inhomogeneous distribution of the projectile ions, which
causes the lens-like damaged zone just at the depth of the ion range in the
wafer separating two perfect layvers shallower- and deeper than the ion
range, just as assumed by Bonse, Hart and Schwuttkezé. [t would be em-
phasized, however, that several of the specimen are not the case, because
they shows the interference fringes even in. the topograph taken with the
reflection vector perpendicular to the specimen surface, which apparently

contradicts with their assumptionzz.

The author is much indebted to Drs. Abe and Masui of Shinetsu-Handotai

Co. for their kind offering him the Si wafers used in this experiment.
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3,70 ELECTRON ENEGY LOSS SPECTROSCOPY ANALYSIS OF DAMAGE
STRUCTURE IN ALUMINA IRRADIATED WITH He-IONS

Yoshio KATANC, Hisayoshi MITAMURA* and Hideo CHNO

Department of Fuels and Materials Research, JAERI,

*Department of Environmental Safety Research, JAERI

1. Introduction

Alumina is a candidate material for such insulators as RF windows of
future fusion reactors because of its generally good structural and
electrical properties. BAlthough much work on radiation effects of alumina
has been done by irradiations with fission neutren{l), the structural
stability and microstructural development of alumina which contains a large
amount of helium have not vyet been well studied. Helium is calculated to
be produced in alumina at a level of 500 appm per IMW/m2 through (ne)
reaction with fusion neutrons(2). Therfore, it is of practical importance
to elucidate the behavior of helium in alumina and the inflences on
microstructural development. In the present work, damage structures .

of single crystal alumina irradiated with energetic helium ions were

investigated.

2, Experimental procedure

The material used in this study was single crystal alumina of high
purity supplied by Rare Metallic Co., Ltd. Disk sample of 0.2 mm thick 3
mm in diameter with the basal plane parallel +to the foil surface were
thinned to 15 um by both mechanical grinding and polishing with diamond
paste. The thinned specimens were irradiated with 0.4MeV He-ions at
temperature of 1023K using a Van de Graaff accelerator in JAERI. The
current density was 1 mA/m2 and dose was 1 x 1020 He/m2.

The irradiations are estimated to inject helium to a peak concentraticn
of 4 x 103 appm and to produce a displacemt damage of 0.3 dpa at peak
around 1.0um. The front surface of the irradiated samples was carefully
removed by about 0.8um by ion-thinnig . and then the samples were back-
thinned to an electren—transparency by ion-thinning. The ion-thinning was
carried out with 6 keV Ar-ions incident on the surface at an angle of 20°.

The microstructural examinations were made with an H-800 transmission
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electron microscope operated at 200 kv and ° an electron energy loss.
spectreoscopy (EELS). The diameter of the electron beam used in ‘the
analysis was about 150nm. The thickness of the observed area was about 20

to 100nm.

3. Results and discussions

Microstructures of alumina annealed for 1h at 1223K after He .-ion
irradiation at 1023K are shown in Fig.l. The average size and number
density of the cavities were 7nm and 2 x 1022/m3, respectively. 1In
addition, the size of the cavities ig seen to be larger in regions near to
the ion-range as observed by using a stereo-microscopy technique. However,
around the ion-range which was exposed to the foil surface, cavities
coalesced into large cavity channeles of 300nm long and 30nm in diameter at
maxima. Then, the cavity sizes are seen to have a bimodal distribution.
Other distinguished features are small and large sized spherical precip-
itates, which were considered to be aluminum metal colloids from the
morphology in the previous study (3}. These precipitates, however, have
not yet been examined by analytical methods such as EELS.

The examined region in the irradiéted and annealed alumina sample
in the EELS analysis is shown in Fig.2. The region was around the depths
of ilon-range and the microstrutural change was prominent. Thé EELS
spectra of the non;irradiated sample and the sample annealed after the
irradiation are compared in Fig.3. From Fig.3(b), a plasmen exaitation
peak of about 30 eV is noticed to be overlapped with the main plasmon peak
of bulk alumina at 24 V. The energy of 30 eV almost coincides with twice
the plasmon energy cof metallic aluminum, e.g., 15.3eV. The fact confirms
that the observed precipitates of black features are colloids of metallic
aluminum. Moreover, the other peak observed at around 78.5eV in the
irradiated and annealed sample can be identified to be Ly,3 absorption of
aluminum. Another peak 6bserved.around 40 to 50ev, however; can not be

identified clearly.

4. Summary

The precipitates cbserved in the He-ion irradiated and annealed sample
were revealed to be Al metal collcids from the EELS analysis. The Al metal
colloids in the present sample were formed during annealing at 1223K after

He-ion irradiation at 1C023K: both temperatures were much higher than the Al
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melting point. The present results seem to confirm the strong influence of
highly injected helium atoms and radiation-induced defects on forming and

stabilizing the Al metal precipitates on alumina.
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Fig. 1 Damage structure in single crystal alumina annealed

for 1 h at 1223 X after He-irradiation at 1023 K.
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Fig. 2 A micrograph showing the examined region (A) of EELS

analysis of He-iraadiated and annealed alumina.
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3,11 EFFECT OF HIGH-ENERGY ION IRRADIATION ON SUPERCONDUCTING
PROPERTIES OF ¥Ba.Cu.O
. . 2 37 T7-x

Akihiro IWASE, Norio MASAKI, Tadao IWATA and Shigemi SASAKI

Department of Ph?sics, JAERI

!

After the discoveries. of high4T6;egpercooductors,; many studies of
irradiation damage in these materials?hEVe already been performed.
Irradiation—induced'defects are, however,‘expected to move rapidly inpthe
materials, and are annihilated or are transformed to other complex
configurations, unless the lrradlatlons are performed at “low temperatures.
On the other. hand, there is a prospect of technologlcal uses of high- T
superconductors, such as’ magnet materlals in “fusion reactors. In these
technological uses, the superconductors will be exposed to somé kimds of
irradiations below the transition tempereture'Tc. Therefore,'both £for the
fundamental research of irradiation damage in high-TC superconductors, and
for the technological data acquisition, performances of low-temperature
irradiation experiment are necessary. So far, however, a few irradiation

3,4 L
) In this paper, we

experiments have been performed at low temperatures.
report the effects of 120 MeV l6O—ion irradiations at liguid nitrogen
temperature on the superconducting properties of YBa2Cu3O7_x

The specimen used in the experiment was carefully prepared from
aquecus solutions of Y-, Ba-, and Cu-nitrate in their appropriate ratios.
The sheet-shaped specimen of IOxle_.lmm3 was cut from the disc for
electrical resistance measurement., A standard four-probe method was used to
measure the electrical resistance as a function of temperature. The
measuring current density was about 1,0 A/cmz. The accuracy of the
electrical resistance measurement is 10_49. Before the‘irradiation, the
electrical resistance of the specimen was measured up to 300 K, The
irradiations of 120 MeV 16O—ions up te the fluence of 1.6X1015/Cm2 were
performed at liguid nitrogen temperature, The intermediate measurements of
electrical resistance up to 100 K were carried out several tTimes, and after
the irradiation to the fluence of 1. 6x1015/cm2, the electrical resistance

was measured up to 300 K, In all the electrical résistance measurements,

the specimen temperatures were raised at a constant.heating rate of about
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1.5 deg/min, The specimen temperature during the irradiation was held at
liguid nitrogen temperature.

Figure 1 shows the electrical resistance of the specimen before and
after O-ion irradiation to the fluence of 1.6x1015/cm2 as a function of
temperature from 77.3 K to 300 K. The effects of O-ion irradiation appears
as (1) a decreaée of TC, {2) an increase of electrical resistance above the
transition, and (3) the anomalous temperature dependence of electrical
resistance in higher temperature region, Figure 2 shows the electrical
resistance of the specimen arcund TC for several O-ion fluences, As can be
seen in Fig.2, the temperature at which the resistance becomes zero
decreases and the resistance above the transition increases monotonically
with increasing the O—ion'fluence. There 1is, however, very little change in
the onset of the transition temperature. In this paper, therefore, we
define the transition temperature ‘I‘c by the temperature at which the
resistance becomes zero. Figure 3 shows the TC and the electrical
resistance at 100 K as a function of O-ion fluehce, The decrease of Tc and
the increase of the electrical resistance at 100 K tend to be saturated at
higher ion-fluence. The decrease rate of T obtained from the initizl

several data peints is about 1.0 K/lO14 o cm-2. This is to be compared with

-2

8 -2 . .
and 3 K/lOl n cm for fission neutron irradiations. '

2.6 K/lOlSn cm
The behavier of electrical resistance in higher temperature region in
the irradiated specimen is interesting, but there remains possibility that
this behavior is caused by the instability of the electrodes of the
specimen., Then, after warm up to 300 K, we cooled the specimen to liquid
nitrogen temperature, and performed the resistance measurement up to 300 .K
again, After warm up to 300 K, the anomalous behavior of electrical
resistance vanished. Therefore the above mentioned possibility can be
discarded., In the present experiment, as the range of O-ions is smaller
than the specimen thickness, the irradiating O-ions accumulate in the
specimen. The number of accumulating ions are, however, much smaller than
the number of O-atoms originally included in the specimen, Therefore, we
can conclude that the behavior of elactrical resistance in higher
temperature regicn is the recovery of electrical resistance that is
attributed to the'thermally activated motions of irradiation-induced
- defects. Figure 4 shows that this resistance recovery leads to the recovery
of Tc from 78 K to 81 K. In ?ig. 5, AR/ARO and the temperature derivative

are plotted as a function of temperature for two measurements after
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irradiaticns, where AR the difference of the electrical resistances between
before and after irradiation at a given temperature, and ARO the value of
AR at 1C0 K. The figure clearly shows that the main recovery of electrical
resistance appears from V160 K, and that the recovery of about 30 % of
irradiation-induced electrical resistance increment occurs during annealing
up to 300 K.

Figure © shows the linear correlation between TC and the electrical
resistance at 100 X. The result after annealing up to 300 K lies cn the
same straight line. The similar correlation have been found in another

3)

irradiation experiment.
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3.12 SURFACE ANALYSIS OF YBaZCu3

WITH 100 MeV BROMINE IONS

OXCOMPOUND IRRADIATED-

Hiroshi NARAMOTO, Yukio KAZUMATA, Mitsuo WATANABE.
Teruc KATO and Norio MASAKI

Department of Physics, JAERI

1.Introduction

Since the discovery of high temperature superconductivity in oxygen=
deficient perovskitesl_z), intensive studies have been made to understand
their properties and to find out superconducting materials with higher
transition temperatures. Along with these fundamental approaches, the
trials to control the superconducting properties have started using ion

3)

beams and 1asers4). These energetic beams have a potential to modify
physical properties of superconductors on a microstructiral level. From
this point of wview, the ion-solid interactions and the radiation effects
have become interesting themes even in such complicated compound as these
superconductors. ) N

In the present report, are shown briefly the results of surface analy-
$1s On YBaZCUSOX compound irradiated with 100 MeV bromine ions. The ion
irradiation induces the highly insuiating layer with the amorphcus phase in
the limited region of the pellet samplies,associated with the compositional

change.

2. Experiment

The YBaZCu30x samples were prepared by the standard method of reacting
finely ground and throughly mixed stoichiometric quantities of YZOS' BaCO3
and CuQ® at 900 C in air. This material was pressed into a disk and sintered
at 940 C under flowing oxygen gas and then cocled slowly to room tempera-
ture at the constant rate of 30/hr. Before ion irradiation, XDA(X ray Diff-
raction Analysis} was employed to confirm the formation of superconducting
orthorohmbic phase.

The sintered samples. were irradiated at about 140 K with 100 MeV
bromine ions from the JAERI tandem accelerator. The ion beam was scanned
two-dimensionally for the uniform irradiation, and the samples received a
total fluence of 1x1015/cm2. After irradiation, XDA was made both at the

irradiated and the virgin surfaces at room temperature. SEM(Scanning
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Electron Microscope) examination was also made on the irradiated surface.
The sample was cleaved into platelets perpendicular to the surface, and the
compositional change was examined along depth with EPMA(Electron Probe
Micro-Aralysis). For EPMA, crystal spectrometers were used especially to

analyse oxygen atoms which play the important role in these compounds.

3. Results and discussion

Fig. 1 shows a typical feature of SEM examination on the surface of

YBaZCuSOX compound irradiated with 100 MeV bromine ions to a fluence of
15 2
1107 /cm”™,

The definite boundary is observed between the irradiated and
virgin regions. The porous surface in the virgin region is turned into
smooth one with the formation of blisters, which can be presumably attri-
buted to oxygen gas decomposed through the intense ionization process
during high energy ion irradiation. The irradiated surface is highly insu-
lating, and the resistivity amounts to more than 10 Mega-ohms.

Fig. 2 illustrates the results of XDA from the same sample as in
shown in Fig. 1. (a) is the x ray diffraction pattern from the unirradiated
side of the sample, and most of the peaks originate from the superconduct-
ing orthorohmbic crystal structure except the extra four peaks. These extra

peaks are identified as the peaks from aluminium sample stage as can be
seen in the pattern of (c¢). In the irradiated surface, every peak dis-
appears except the extra peaks, and the formation of amorphous structure is
confirmed as shown in (b).

Fig. 3 is a SEM micrograph of cross-sectiocnal area in the irradiated
side of the same sample as in Fig. 1. The irradiated layer runs up oblique-
ly from left to right, and the formation of compact layer can be observed,
different from the porous structure in the bulk region. The boundary bet-
ween the observed layer and porous region is not diffused, which is not ex-
plained by the thermal effect on a bulk scale. The width of this layer is
about 15 um, and is rather long compared with'the projected range.

EPMA was made to determine the .depth—distributions of constituent
atoms and implants in the amorphous layér as observed in Fig. 3. Elecron
beam was linearly scanned perpéndicular to the amorphous region. Fig. 4
illustrates the relative intensity change of characteristic x rays from
every relevant element as a function of depth. Thickness of the layer de-
termined by SEM is about 15 um, and is denoted by an arrow in this figure.
In the amorphous region, Cu and Ba atoms distribute uniformly along depth

with almost no change of contents compared with those in the virgin region
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(deeper than 15 gm). On the contrary, the large amount of decrease is in-
duced for the 0 and Y atom contents. The distribution of O atom is gradual-
1y decreasing function along depth, and is influenced beyond the amorphous
region. This feature of 0 atom distribution can be connected with the de-
composition of constituent O atoms and the blister formation on the irradi-
ated surface. The distribution of Y atom indicates the increasing tendency
along depth. The signal from implanted Br atoms is so weak, and the x ray
intensity detected beyond 15 um is from the back-ground noise. The Br
distribution is a simplely decreasing function, different from Bragg peak
characteristic for implanted species, which is similar to the regrowth pro-
cess from substrate after melting.

The present examination suggests a possibility of forming highly insu-
lating region in the superconducting material in a controlled manner like
ion beams. The amorphous layer obtained is compact and nonporous, and it
may be possible to.covert the layer into superconductor with high critical

current without the influence of grain boundary.
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Fig. 1 SEM micrograph of YBaZCuSOX pellet irradiated at LNT

with 100 MeV Br ions to a fluence of lxlois/cmz. Upper
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Fig. 3 SEM micrograph of cross-sectional area in a irradiated
sample. The upper shiny layer corresponds to the irradiated

side. Irradiation condition is the same as in the previous

figures.
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4.1 12¢ 1npucep Fission oF 233y,235y anp 238y

Sumiko BABA, Kentaro HATA, Yuichiroc NAGAME,
Ming-Jinn Duh®, Naruto TAKAHASHI®, Akihiko YOROYAMA™
and Hiroshi BABA ™

Department of Radioisotopes, JAERI,*Faculty of

Science, Osaka University

A fundamental knowledge about nuclear fission mechanism can be
obtained by the measurement of nuclear charge distribution of the
fragments. In particular, the numbers of pre-fission neutron vpre
and post-~fission neutron vpost are shownl) to be closely related to
the charge distribution. They can be analyzed on the basis of the
most’ probable charge Zp. The charge distribution is rarely studied
in the heavy-ion induced fission in contrast to fairly abundant data
available in the light-ion induced fission in the neighborhood of
uranium and plutonium. The purpose of the present work is firstly
to study the charge distribution of heavier fissioning systems (2 ~
100) and secondly to investigate whether the heavy-ion induced fis-
sion is of somewhat different character from the light-ion induced
fission as it seems to be the case considering the apparent distinc-
tion in the mass distribution for instance.

The most probable charge Z, of a given product can be expressed
as a function of the mass Ap and charge Zp of the fissioning nucleus,
the fragment mass A*, and the excitation energy Ey given to the ini-

tial compound nucleus:
Zp-zp(AF’zF!A.!EZ)' <1)

Among four terms one obtains when Zp is differentiated with respect
to Exl), the derivative dZp/dEy is taken to be zero because evapora-
tion of charged particles prior to fission can be neglected in the
medium excitation. A partial derivative (8Zp/2Eyx)a. 7. A can
also be dropped since the most probable charge for a given primary
fragment mass is expressed to remain constant against the energy
change as long as one stays with the same fissioning nucleus.

Considering that dAp/dEy = -dupre/dEx and aa*/dE, = dvpost/dEx

—103 -
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{because Zp is observed for a given secondary fragment), one obtains

dz,

= dVses . 9%s dus0st

a7,
3B~ (9Ar)Ze, A" E. 4B, {TA" Ar,2r.E. dE. (2)

Knowing the three quantities dZp/dEy, (22/0Afp)gz. A" E. and
(azp/aA*)AF,a“Ex for at least two fissioning nuclei, one can find
the energy dependences of the numbers of pre-fission and
post-fission neutrons separately by introducing a relation governing

the fission neutrons:
Viotal = Vpre T+ Vpose ™ E./a + vy, (3

Here, ¢ and vy are constant numbers.

Three kinds of target were prepared by electrodeposition onto a
26.2 gm Al foil. The thickness is about 1.0 mg/cm?. The targets
were bombarded with 90 MeV 12C from the tandem accelerator at
JAERI. The incident energy was adjusted so as to give the same
excitation energy for the three compound systems by the use of Al
degraders with appropriate thicknesses. Targets were sandwiched
with Al foils thick enough to catch fission products completely.
The long and short bombardments of uranium target were carried out;
one for 2 hr and the other for 30 min. After the bombardment the
targets were subjected to the non-destructive measurement of r
rays. Antimony, tellurium and iodine were chemically separated
from the target and other elements in separate runs. Obtained r-ray
spectra were analyzed to determine the radicactivities of observed
nuclides.

In this experiment the cross-sections of fission products for
masses between 80 and 151 were obtained. Isobaric triplets were
observed for A = 132 with all the targets and for A =129 with 233y,

Therefore, we could construct the charge dispersion curve to be

given by
Pa(2) = Yp expi-(z - 2p)2/242}, (4)

where Pp{Z) is the fractional yield of the nuclide with charge Z in a

given mass chain and 202 is the width parameter. The dispersion
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curve for A = 132 of 238y is shown in Fig.l as an example. The
deduced values are summarized in Table 1 from which the conclusion
that ¢ = 1.05 = 0.05 is drawn. The obtained values were significan-
tly larger than that obtained for thermal-neutron induced fission (¢
= 0.69). The most probable charges Zp were determined for several
mass chains with observed yields of isobaric pairs using thus
deduced width of the charge dispersion. The relationship between Zp
and fission product mass is shown in Fig.2. The values of
(azp/aAf)fhth,E‘ is obtained from the slope of a straight line
constructed by plotting ¢p of a given observed fission system versus
mass of the fragment A" with a given excitation energy. Their
values were the same (0.3%) for the three fission systems and practi-
.cally equal to those of the light-ion induced fission systems. The
relationship between Zp and compound mass Ag is shown in Fig.3,
which is considered to be equivalent to the fissioning mass
dependence. The values of (azp/aAF)zFJy’Ex ranged between -0.15
and -0.09, which were again considered to lie within the same range
of the values obtained in the case of the light-ion induced
fissionl),

In the succeeding experiments we shall change the bombarding
energy to get the remaining dzp/dEx value and to deduce the neutron
systematics for the heavy-ion induced fission in comparison with the

thermal-neutron and light-ion induced fission.

Reference
1) H.Umezawa et. al., Nucl. Phys. Al60 (1970) 65.

Table 1 The charge dispersion for A = 129
andé 132.
Charge dispersion {v}
A 238U 235U 233U
129 1.00z0.05
132 0.9£0.1 1.1020.05 1.1026.05
1.0x0.1 1.1 x0.1 1.10+£0.05
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4.2 COMPLEX FRAGMENT EMISSION FROM THE COMPOUND NUCLEUS 10%4g

Yuichiro NAGAME, Sumiko BABA, Kentaro HATA, Toshiaki SEKINE,
Hiroshi IKEZOE¥, Kazumi [DENO*, Shin-ichi ICHIKAWA¥,
Akihiko YOKOYAMA®* and vuichi HATSUKAwA¥E®

Department of Radioisotopes, ¥pepariment of Physics and
¥pepartment of Chemistry, JAERI, ¥*¥Department of
Chemistry, Osaka University, ¥ Department of Chemistry,
Tokyo Metropolitan University

A generalized treatment of highly excited compound nucleus decay has
been proposed by Morettol?. This model oredicts that particles of any mass
can be emitted from the compound nucleus, that is, the complex fragments in-
termediate between light particles and symmetric fission fragments are
produced in the decay of the compound nucleus. The decay widths for various
mass divisions are mainly controlled by the potential energy of the condi-
tional saddle at fixed mass asymmetry1>.

{n order to study the influence of the angular momentum on this poten-
tial energy, we have measured the cross sections of the complex fragments
produced in the heavy ion reaction 37014687y,

The experiments were performed at the JAERI tandem accelerator utiliz-
ing 1668 MeV 37¢| beam to bombard a self-supporting enriched target of
682n(755;1g/cm2). The reaction products were identified with a AE-E counter
telescope consisting of a gas AE ionization chamber and a Si(Li) vposition
sensitive E detector.

The complex fragments with Z=6 to 29 have been measured. In the kinetic
energy distributions for each fragment Z, the mean kinetic energies of the
relaxed component roughty corresponded to the Coulomb repulsion energy be-
tween two touching spheres.

The angutar distributions of the relaxed kinetic energy comnonent for
the products with Z=10 and Z220 are essentially flat in do/d@ .y and the
products with 11=Z513 were also flat at the backward angles. These
products with 1/sin@ ., angular distribution are considered to be either the
products of a fong-lived dinuclear system or the decay products from a com-

potind nucleus.
Figure | shows the integrated cross section of each fragment Z over the
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flat. region in the angular distribution together with -the cross sections
given by a statistical medel caleutation?:3). As shown in Fig.l, one can see
the substantial agreement between the data and the calculation. The results
suggest that the lighter fragments (7<9) are produced by asymmeiric mass
divisions, while the heavier fragments around Zcy/2 are favorably produced
by symmetric mass divisions at higher angular momentum region in the com-
pound nucleus IOSAg. For better understanding of the angular momentum depen-
dence of the potential energy, measurements of the excitation functions for
the complex fragments and of the widths of the mass distributions for the
symmetric mass division products are in progress.
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Fig.l Integrated cross sections over the flat region in
the angular distribution. The solid line is the result of the
statistical model calculation.
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4.3 MASS DISTRIBUTIONS OF THE FISSTON FRAGMENTS OF <3 U+p,
ZSTNP*'P AND ZSQPU"‘P

Tsutomu CQhtsuki, Keisuke Sueki. Yuichi Hatsukaua.

Takayuki Kobayashi, Kazduaki Tsukada and Hiromichi Nakahara
Yuichiro Nagame® and Nobuo Shinohara™ "

Depertment of chemistry, Faculty of Science, Tokyo
Metropolitan University, *Depertment of Radioisotopes, JAERT,

- " Depertment of Chemistry, JAERI

Introduction

Although many masgs yield curves have been reported for  thermal-neutron
induced and spontaneous fissions, those for charged particle induced fis-
sions are still scarce. {harged particle induced fissions { especially,
proton :induced fission and. @ -particle induced fission amcng them ) are

suitable for the studies of the excitation energy dependence of mass. yield:

curves. :

In: this work, we have investigated the proton. induced fossions 8% 233U;‘
237Np and 239Pu. and determined the mass yields of about thirty masses " in
the proton energy range of 9-16 MeV 233U+p and 23gl:’u*l*p, and in 9-32 HeV for
237Np+p. Shape of the mass yield curves and its excitation energy dependence
237

are discussed mainly on Np+p.

Experimental Procedures and Data Analysis

. . . l 9
The isotopic compositions of the enriched isotopes of “33U, “37Np and

239Pu used as targets were found to be over 99% by the « -spectrometry. They
vere purified from fission products by the anion exchange method with nitric
acid-methanol and dissolved in isopropyl alcohel for electrodeposition on 7
mg/cm2 Al foil under the condition of 500 V, ?.mA,/cm2 for 30 minutes with
cooling. The efficiency of electrodeposition was over 30% for all these
elements. Thickness of each target was determined by the & -spectreometry to
be 100-300 Ltg/cmz. Fach target foil was wrapped in Al foil ( 6 mg/cm2 )
thick enough to stop all fission products. And then, six to eight of the
yrapped targets were stacked for proton bombardment. Several pieces of 10
mg/cm2 Cu foil were inserted into the target stack at appropriate positicns

to moniter the beam current.

Bombardments were performed at the JAERI tandem accelerator with the
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beam current of about 1 wA.

After bombardment, the targets were left standing for about 30 minutes
for cooling, and their ¢ -ray activities were measured directry with a
Ge(Li) detector equipped vith a 4098 channel pulse height analyzer. The
produced nuclides were identified throuh their characteristic 7 -ray
energies. and their formation cross sections were evaluated from the ob-
served photo-peak areas and the beam current determined with the Cu-monitor.
The reaction cross section data reported by Colle et al.l) for protons on Cu
vere used. The incident proton energy on each target vas estimated from the
range energy relations reported by C. F., Williamson et al.2) and L. C.

Northcliffe et al.o’.

Results and Discussion

Mass yields wvere obtained from the observed cross section of each fis-
sion product, for which correction was made, if necessary, for charge dis-
tribution assuming a gaussian charge distribution curve with the most prob-
able charge Zp of the unchanged charge distribution medel. The gaussian
width parameter of (.95 was used as suggested By J. A. McHugh et al.Q). The
correction was large for 1278b. lgng. 132Te and 135Xe. The mass yield
curves of 237Np+p thus obtained are shown in Figure 1. A1l mass yield curves
vere asymmetric as expected. The figure shows that the valley ( symmetric
region ) has a strong energy dependence in comparisen with the peak through
the outer sides ( asymmetric region )} of the mass vield curves.

The mass yield curves for 232Th+p5) has been reported to have a broad
valley in the symmetric region, but the present results on 233U+p, 23?Np+p
and 239Pu+p reveal that the width of the valley becomes narrower as the fis-
sioning mass Af becomes heavier. The vweighted mean mass of the heavy asym-
metric peak varies very slightly over a broad mass renge of fissioning
nuclide Af, whereas that of the light mass peak increases substantially with
increasing Ag. A similar tendency has been also observed for thermal-neutron
induced and spontaneous fissionss).

For clear depiction of the incident energy dependence. cross section
ratios of several fission products are shown as a fﬁnction of the incident
proton energy in Figure 2. The yield ratios of some of the typical asym-
metric mass division products are independent of the incident proton energy
as vell as those of the symmetric ones. On the other hand, the yield ratios

of asymmetric to symmetric products are strongly dependent onr the incident
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energy. These observations suggest the existence of tvo distinctly different
threshold energies, one for the symmetric and the other for the asymmetric.
The products with mass around 112 and mass 126 through 131 seem to have an
intermediate energy dependence, and hence it dis still an open question

vhether they belong to symmetric or asymmetric, or rather independent.
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4., EXCITATION FUNCTIONS OF 2°Mo(p,n) REACTION FOR
" THE PRODUCTION OF 95MT¢

Mishiroku IZUMO, Takami SORITA, Hiromitsu
MATSUOKA, Sumiko BABA, Yuichiro NAGAME and
Kentaro HATA

Department of Radioisotopes, JAERI

95MTe have relatively ionger half-1life(61l d) and abundant
r -rays of 204, 582, 835 and 1039 keV. Therefore, Et is useful
as the tracer for studying the behavior of technetium isotopes
in natural environment and for developing new labeled com-
pounds of 99mTc(_G.OZ h) radic-pharmaceuticals. Presently,
95MTe is mainly produced by the M3tMo (p,xn) and 93Nb (a ,2n)
reactions. The 25Mo (p,n) 95MTc reéaction on an enriched target
‘'would provide the isotope of high purity. Therefore, we have
measured the excitation functions for the reactions

95Mo0 (p,n) 9°M.9T¢ studying the production conditions.

- Enriched 95Mo powder of isotopic abundance 96.47%, ob-
.tainéd from ORNL, was used as target. The powder was suspended
in 1% potassium iodide sclution and was deposited on
aluminum £o0il(5 mg/cmz) by electro-deposition method to
prepare thin(z_mg/cmz) and heat-stable target,

Stacked-foil technigue was applied to measure the excita-
tion functions. In addition to the target foils and Al
foils(28 - 128 mg/cmz) used as beam-enerdy degrader, thin cop-
"per foils(8 mg/cmz) were inserted to monitor enerqgy and inten-
. sity of the beam. In the Cu foils, 657n is produced via the
6SCu(p,n) reaction, for which the excitation function is ac-
curately known 1,2 ) stopping powers of the foils in the
stack for protons were calculated using the computer code
oscar3).

The proton bombardments were performed at the JAERI tan-
dem accelerator with anincident energy of 30 MeV. After
bombardments, the radicactivities of Tc isoteopes in each

target-catcher pair were measured by a Ge(Li) detector, the
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efficiency of which was calibrated with standard 7 -ray
sources, The decay of the main 7 -rays was followed to estab-
lish the half-lives involved and to confirm the identity of
the radionuclides.

The measured excitation functions are given in Figure 1.
The formation cross sections of 2°M™T¢ at energies less than 5
MeV were net obtained accurately in the present work. The sup-

Plemental work is in progress.
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4.5 Identification of A New Isotope of 1217,5

by Means of Element-Selective Mass Separation

Toshiaki Sekine, Shin-ichi Ichikawa*, Masumi Oshima**,
Hideki Iimura*, Yuichiro Nagame, Rentaro Hata,

Naruto Takahashi*** and Akihiko Yokoyama***

Department of Radioisotopes, *Department of Chemistry, **Department
of Physics, Japan Atomic Energy Research Institute and ***Faculty of

Science, Osaka University

The isotope 121La, which is far from the g-stability line and is
- predicted to lie beyond the proton-drip linel), has been searched for,
.using an isotope separator on-line to the tandem accelerator of JAERI.
In this study a new ion-source techniquez) which strengthens elemen-
tal selectivity in on-line isotope separation was applied.

In the bombardment of an enriched ?2Mo target (3.06 mg/cmz) with
a 4.7-MeV/u 323 heam (50 particle nA}, La isotopes were produced
through {HI,lpxn) channels and ionized in a thermal ion source as
the La0" species rather than as the LaTt species.z) Since Cs and Ba,
which are effectively ionized into a metallic ion, were not obtained
as a monoxide ion, the Cs and Ba isckars of a La isotope did not come
into the LaoOt fraction after mass separation. For other elements, we
consider that the Ce isobar may be included in the LaOt fraction,
because Ce is also obtainable as the species ce0t.2) In the nuclear
reaction used, however, 12lce is expected to be produced in much
smaller amount than 12lLa: ALICE code3) predicts the production cross
sections to be 8 mb for 12lLa and 0.07 mb for 12lce.

After mass separation, we performed r-singles, X/r-r coincidence
and f-r coincidence measurements, using a tape transport system. For
the A=137 (121Lalb0*) fraction, Fig. 1 shows the #-coincident r-ray
spectra observed during a counting period of 12 h; for comparison a
spectrum that was previously obtained at A=121 in the bombardment
of a Mc target is shown.4) In the A=137 spectra, one can notice several
y lines which are much shorter~lived than those of 12lpa {T,,,=30 s)
and 12lm.gcs (T,,,=121 s, 136 s). As seen from Fig.2, the short-lived
activity decays with a half-life of 5.3%0.2 s, while the y lines of
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121ga and 121lm.dcs show a growth and decay pattern; it appears that
the observed time spectra of 121Ba and 12lcs are in agreement with
the calculated ones to be observed when they are the daughter and
the granddaughter, respectively, of the 5.3-s activity. This suggests
that the 5.3-s activity is assigned to the decay of 12132 as a pre-
cursor of 12lpa,

The results of the X/r-r coincidence measurement eliminated the
possibility of 12lce as the 5.3-s activity and supported the foregoing
assignment: Some of the short-lived r lines proved to coincide with
Ba X-rays which are emitted in an electron-capture decay of 12lpa or
in an internal conversion process assocliated with a transition in
121Ba, that is, the daughter of 121pa. From these arguments we have
assigned the observed 5.3-s activity to the 12113 decay.

On the basis of the results of the ry-r coincidence measurement,
a partial decay scheme of 121lpa has been constructed, as shown in
Fig.3. For the ground state of 121lpa, we took the spin and parity 5/2%
given by Eastham et al.3) from the laser spectroscopy.

Takahashi et al.®) have predicted half-lives of nuclei on the
basis of the gross theory of g decay. Their theoretical half-life 5 s

for 12115 is in good agreement with our experimental value,
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L.6 Decays of 122,124,126 ang 128,130py ang Properties of
the Low-Lying States of Their Daughter Nuclei

Toshiaki Sekine, Hideki Iimura®, Shin-ichi Ichikawa®,
Masumi Oshima™*, Kentaro Hata, Yuichiro Nagame,

Naruto Takahashi*** and Akihiko Yokoyama™**

Department of Radioisotopes, *Department of Chemistry, **Department
of Physics, Japan Atomic Energy Research Institute and ***Faculty of

Science, Osaka University

Decays of 122,124,126, ang 128,130pr have been studied by means
of a combination of heavy-ion reaction and isotope separation on line
(ISOL}. In this study, we took advantage of an ion-source techniquel)
which uses moroxide-ion formation in a thermal ion source to
strengthen elemental selectivity in ISOL for light lanthanoids. In
addition to the half-lives and decay schemes of these nuclei, the
experimental results gave information on electromagnetic transitions
of the low-lying states in their even-even daughter nuclei. These
results are compared with the prediction by Puddu et al.l) based on

the interacting boson model.2)

A Mo target (4.1 mg/cm?) and a Rh target (3.8 mg/cm?) were bom-
barded with 325 beams (5.0-6.2 MeV/u) to produce neutron deficient
isotopes of La and Pr, respectively. As described in Ref.l, La isotopes
were mass—sepaprated as Lalbot, being well separated from the Cs and
Ba isobars. On the other hand, Pr isotopes were mass-separated as Prt,
because the Ce and La isobars were ionized in a monoxide ion rather
than in a2 metallic ion. Conseguently, mass separation was done for
the masses 138 (122nalbot), 140 (124pa160%), 142 (12613160+), 128 and
130. For the mass-separated samples, measurements of y-singles, r-r
coincidence and f-r coincidence were carried out, using a
tape-transport system.

From the r—ray.data, we determined the half-lives of 122,124,126y,
and 128,130pr, and constructed their decay schemes. The half-lives
and the estimated spin-parity values are listed in Table 1 together
with the previouly-reported ones. The half-lives obtained are more

precise in most cases than the previous values. As to the half-life
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of 128Pr, two different values were reported; our experimental value
is in agreement with that reported by Bogdanov et al.

In the decay schemes obtained, the levels in the v band are pop-
ulated as well as those in the ground band. In addition, peopulations
in the negative parity band were also seen in the decays of 12412
and 12612, Further, in the decay of 122na, the r-band head (2§ level)
in 122pa was newly identified with a level energy of 940 keV. This
enerqy value is found to be very close to that predicted with 18M.2)

From the ry-ray data, we have obtained the branching ratios of
electromagnetic transition from 2j, 37 and 4; states in 122,124,126,
and 130Cef The experimental branching ratios were found to be in good
agreement with the theoretical branching ratios calculated with
IBM.2} Assuming that the observed transitions 2{—0] and 2j—2{ are a
pure E2 transition, we plotted the experimental and the theoretical
ratios B{E2;2;{—07)/B{E2;2}—2!) in Fig.l. This figure shows that the
experimental results support the predicted changes in the structure

of the isotopic chains Ba and Ce in addition to Xe.1:2)

The authors wish to thank Dr. T. Otsuka of University of Tokyo

for supplying us the results of his calculation.
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Table 1

Half-lives and spin-parity values

Present work

Previous work

Nuclide 7., (s) " Tiz (s) il
12275 9.6+1.0 (3%) 8.7=0.72)
12415 29+2 (7) 29+ 3b) (6,7)C)
12675 54+2 (4) 60=184d)
128p, 2.720.4 (3%) 3.2+0.58)
130p, 31%2 (4) 28x6f)
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4«7 ISCLATION OF SHORT-LIVED NUCLIPES WITH A HELIUM-JET
RECOIL-TRANSPORT SYSTEM AND SISAK

Nobuc SHINOHARA, Shin-ichi ICHIKAWA, Hideki IIMURA,
Yoshinori NAKAHARA, Toshio SUZUKI, Shigekazu USUDA,
Masaaki MAGARA, Yoshii KOBAYASHI, Akihiko YOKOYAMA*,
Yuichi HATSUKAWA**, Seiichi SHIBATA** and Ichiro FUJIWARA***
Department of Chemistry, JAERI,

*Department of Chemistry, Osaka University,

**Institute for Nuclear Study, University of Tokyo and

% ¥ ¥
School of Economics, Otemecn Gakuin University

An on-line chemical separation system has been developed for the pur-
pose of investigating short-lived actinide nuclides. In our previocus study,
it was found that the transport efficiencies of the fission productgs d4dif-
fered apparently from that of the evaporation residues produced by the
heavy-ion irradiations in the helium-jet recoil-transport system, HJRT,
because of their recoil ranges.l) Therefore, the recoil chamber connected
to the HJRT has been improved to perform guantitative transportation of
the evaperation residues. In this paper, some results on isolation of
short-lived nuclides with the HJRT and a continuous multistage scolvent
extraction system, SISAK (Short-lived Isotopes Studied by the AKUFVE-
technique), which is coupled with HJRT, are presented.

Figure 1 shows a cross section of the recoil chamber. Using the cham-
ber, the targets of Ag, Ta, Au and U were bombarded with 120 ions, and
the neutron evaporation residues were collected and transferred from the
chamber to a tape transport system with the HJRT.l) The transport efficien-
cies of the residues such as I, Au, At and Cf, were measured as given in
Table 1. The differences in transport efficiencies among the nuclides might
not be ascribed to the characteristics of each element but to unstable
operation of HJRT. Figure 2 shows an alpha-ray spectrum of the Cf nuclides
measured with the HJRT, where four peaks of alpha rays from.zuznzuqu were
observed.

The SISAK is used to make continucus chemical separations for isclating

. . . 2 .
short-lived nuclides according to their nuclear charge Z. ) As a preliminary

performance test of SISAK, the iodine nuclides produced by C+Ag reacticn
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were isolated with a SISAK connected to the HJRT in the three-stage solvent
extraction. Figure 3 gives the flow sheet of the SISAK in operation for
on-line isolation of iodine: The reaction products collected with aercsol
particles in helium gas in the HIRT were transferred to a static mixer,
where the carrier gas and sulfuric acid soluticn were mixed thoroughly.

The helium gas was then separated by.céntrifuge and the liquid was pumpéd
to the chemical separation system. The aquecus soluticn was then contacted
with organic solvent in the static mixer and the mixture was fed into the
centrifuge to separate the organic and aqueous solutions. In the first
extraction stage, iodine was extracted into the organic sclution. It was
back extracted fo aqueous solution in the secend stage, then, purified
further by washing the solution with cother eorganic sclution in the final
extraction stage. After the three-stage extraction, the iodine fraction
was measured with a Ge detector. A gamma-ray spectrum of iodine nuclides
obtained is shown in Fig. 4, in comparison with a spectrum measured on

that with only the HJRT. The nuclides of 1171 (half-1ife: 2.2 min) and
118mI (8.5 min) were well isolated by the system.

The present on-line chemiqal separation system would be very useful

to isolate nuclides with half-lives down to a few seconds and to investigate

their decay properties.

The authors wish to thank Messrs. T. Nishiguchi and N. Hamano,
Mechanical Engineering Divisicen, JAERI, for their help on preparing the

recoil chamber.
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Fig. 1 Cross sectional view of the recoil chamber

for the HJRT. The unit in the figure is mm.

1: window (5 pa Havar foil)}, 2: leak tube, 3: target,
- %: inlet and outlet of He gas, 5: reacticn chamber,

" 6: beam stopper, 7: inlet and outlet of cooling water.

Table 1 Maximum transport efficiency of the HIRT. .

Reaction Nuclide produced Efficiency, %
12C Ag 117,118mI 25
C 181 189mAu 76:143.
120 197 205At 34
C 238 245Cf 32

a
Average and the standard deviation, oﬁ«l {n=3).
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Fig. 3 Flow-sheet of the SISAK system for the on-line isolation of iodine

from the products of lZC+natAg reaction.
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5.1 NUCLEAR STRUCTURE OF 1085p

Tetsuro ISHII, Mitsuhika ISHII, Kenichi YANAGIDA* and

Masao OGAWA*

Department of Physics. JAERI, *Tokyo nstitute of

Technology. Yokohama

We have studied the nuclear structure

of 1985n: 198350 nyuclei were produced by
the reaction SIV(5¥Ni,1p2n) with a 217
MeV ®ENi beam from the JAER! tandem
accelerator. The ¥~Y coincidences, the
Y-ray angular distributions and Y-ray
time spectra have been measured in

coincidence with single proton emitted
1)

with the help of the Si-Bex ~. The lavel

scheme has been obtained as shown in

+ + +
fig.1. The 2 . 4 and 8 states have the

typical structure of the particle
excitation: (Vg7/2)2. Furthermore the
8+"6+ and 12+'?1O+ transitions suggest
that two more neutron pairs are
successively broken as the excitation
proceeds. The level scheme of 1083pn g
quite dufferent fraom those of !i0-1ll85,
where the excited rotational bands have
been observedz). Further invstigation
is in progress through the lifetime and

g-factor measurements.

References
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Fig.! Leve! scheme of 1083n.

The transiton energies
are given in units of keV.

') M.ishii et al.: in Nuclei off the Line of Stability (ed. R. A.
Meyer and 0. 3. Brenner. A.C.S., Washington D.C., 1986} ch. 75.

2) A. Van Poelgeest et al.: Nucl. Phys.. A346 (1980) T70.
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5.2 G-FACTOR OF THE 10  ISOMER IN 13¢Nd

Tetsuro ISHI1, Mitsuhiko ISHI1, Kenichi YANAGIDA* and
Masao OGAWA*

Department of Physics, JAERI. *Tokyo Institute of

Technology. Yokohama

In the very light rare earth nuclei

the two-quasi proton state: (Th11/2)%,¢

and the two-quasi nesutron state: 10 1/2=]3pS

(vh11/2)%,+ are excited close to the
+ +

collective 10 state. in fact the 10 691

N
state in !38Sm and the 10, state in

128Ca have turned out to consist of two

quasiprotons coupling with collective
1.2} ‘

motion . Rscently we have 706

established the leve! scheme of !3%Nd

+ ‘
including the 10 isomer with the half
|ifetime of 13ps as shown in fig.1. The
present experiment aimed to investigate

the nuclear structure of this isomer. ot

134Nd and 132Nd ware produced by the tos

reactions 197Ag (325, 3p2n} and

10744 (325, ¢p2n), respectively, with a 2
294

165 MeV 328 beam from the JAERI tandem

+

accelsrator. They were implanted into a 0 134

Nd

cooled Smg/ecm? Gd foil externally

magnetized., up(t) or down(¥). The Y-
Fig.l Level scheme of !3iNd.

3) The transiton energies are
sorted with the help of the Si-box . given in units of kaV.

rays emitted from 134Nd and '3ZNd were
The Y-ray angular distributicons were
observed by two Ge detectors placed at
$55° to the direction of the beam. The intensity ratios 1M /1) of the
Y-rays involved have been measured for both polarities of the applied
magnetic field.

The results are shown in fig. 2. All states in both nuclides inherit

almost the same negative precession from some higher axcited states which
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are subjec to the transient magnetic fiald parallel to the ageplied one.
The 4~ state in 132Nd with the g~+0.3 and Ty1,2718ps suffers an additional
positive precession in the static hyperfine field anti-parallal to the
aeplied ane, On the other hand. the 4  state in '34Nd fed via the 10 "
isomer doesn't show any additional positive.precession. This means that
the magnitude of g{(the IO+ isamer) is much smaller than that of the g-

+
factor of the 4 state in !32Nd. The present resuits favor the neutron-

fike 107 state.

132 134
Nd | "Nd
TRANSITIGN 2Tt 4Tt TRANSITION 2%s0* 4rapt
ENERGY (keV) 213 398 ENERGY (keV) 294 " 495

HALFLIFE (ps) 192 15 HALFLIFE (ps} 54

1.1[—- 1_1L_

it} .04 It} -
(%) B §\§ ey 0

Fig. 2 Intnsity ratios |(M)/1()) of the Y-rays of !32Nd and 134Ng .
The left(right) point at each transition presents the ratio measurad
with the Ge detector placed at =-55° (+§5°) =g the beam direction.
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5.3 ELECTROMAGNETIC TRANSITION PROBABILITIES FOR NATURAL-PARITY

ROTAT IONAL BANDS IN | 'Jvb AND '° Gd

Masumi OSHIMA, Shin-ichi lCHIKAWA,* Hidaki IiMURA,* Eisuke
MINEHARA, Hideshige KUSAKARI,** Takashi INAMURA*** and Akira

 HAsHIzumg ©¥¥

Department of Physics., *Department of Chemistry, JAERI,
**Faculty of Education, Chiba University, Yavoi-cho, Chiba

260,***RIKEN, Wakec-shi, Saitama 351-01

Recently the electromagnetic transition prebabilities in the rotational
bands have been studied extensivelv.]—4) Signature dependence of the
reduced transition probabilities which originates from the Corialls force
has been found to provide a sensitive test of the wave functions. Since a
strong Coriolis force acts on particles in high-spin orbitals, most
experimental and theoratjcal studies are concerned with the rotational
bands based on them, The rotational perturbation in low-spin orbitals have
not been studied so well because it is believed to be rather small.
However, we have found a quite large signature dependence of the B(MI)
values in 163Dv whose ground-state rotational band has a dominant hg/g
character.5) Furthermore, the phase of the staggering in the B(MI) has
turned out foHcontradict with the prediction of the single=j models) for |
-2 , while that in the quasiparticie energy splitting agrees with it. This

y
phenomenon is ascribed to the j-mixing effects for these bands.

. ] 173 157 ,
In the present study we have investigated VOYbIOS and 64Gd93 nuclai
whose ground-state rotatlonal bands have a main component of fT/Z' These

nuclei were multiply Coulomb excited with a 250-MeV 58Ni beam from the
tandem accelerator. Information was obtained on high-spin states and their
electromagnetic transition probabilities fer the ground-state rotational
bands.
. - . 173,

The B(M1:1 * [~1) and B(EZ2:;| ?* |-2) values for - b are plotted
relative to the predictions of the rigid-rotor modeIT) in Figs. 1 and 2%
respectively. An intrinsic quadrupole moment., Q. = 7.4 b, and g-factaors., g

0

- QR = -0.77. were assumed for the rigid-rotor-model Predictions.T) The

B{M1:1 * 1-1) and B(E2:}! * [-2) values are close to the predictions and

K

they show almost no signature dependence. This reflects the fact that the

rotational perturbation due to the Coriolis force is weak for the
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predominant fT/E orbital, 57
A preliminary result for Gd is shown in Fitg., 3. Here we adopt gK -
gR = -0.79 for the rigid-rotor-model pradiction. The result reveals a
diffarent feature as compared with 1Ts‘t’b: Although the amplitude is small
as compared with that in the high-spin-orbital bands,1-4) the B(M!) values

show a clear signature dependence { 2igzag }. The signatura dependance is
considered to be due to a significant Y deformation in the Y-unstable
nuclei with N “ 90 because the f deformation ( static or dynamic ) is
cloesely related to the signature dependence.

1t is interesting to see that the single-j model breaks down in1576d.
The favored signature is r = +i for the B(MI), while that for the
quasiparticle energy Is r = -i. This phase relation agrees with that for

163
Dy where the h neutron state is the dominant component. In ordar to

9/2
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gxplain the exparimental results for 1T3Yb and ]STGd, it is nacessary to

take account of the ¥ degrees of freedom and J mixing. A theoretical étudy

157
as wel! as the final analysis for Gd Is in progress.

Beferences

1) M.Ohshima. E.Minehara, M.lshii, T.lnamura and A.Hashizume. Nucl. Phys.
A438 (1985) 518

2) J.Kownacki, J.D.Garrett, J.J.Gaardhéje, G.B.Hagemann, B.Haersk.ind,
S.J;nsson, N.Roy, H.Ryde and W.Walu;r Nucl. Phys. A394 (1983) 269

3) 6.8 Hagemann. J.D.Garrett, B.Herskind, J.Kownacki, B.M.Nyake. P.L.Nolan
and J.F.Sharpey-Schafer, Nucl. Phys. A4724 (13884} 365

4) S.J;nsson, J.Lyttkens, L.Carlén. N.Roy. H.Ryde. W.Walu;: J.Kownacki.
G.B.Hagemann., J.D.Garrett, B.Herskind and P.O.Tidm. Nucl. Phys. A422
(1984) 397 '

5) E.Minehara, M.Oshima., S.Kikuchi, T.!namura, A.Hashizume and H.Kumahora.
Phys. Rev. C35 (1987) 858; M.Oshima., E.Minehara, S.ichikawa, H. limura,
T.Inamura. A.Hashizume and H.Kusakarl. submitted to Phys. Rév. C (1988)

6) |.Hamamoto., Phys. Lett. 1068 (1381} 281: Proc. Niats Boh} Centennial
Conf. on Nuclear Structure, Copenhagen 1985, ed. R.Brcglia. .
G.B.Hagemann and 8.Herskind (North-Holland, Amsterdam-London, 1985)
p.129 | | o

7) A.Bohr and B.R.Mottelson., Nuclear Structure Vol. 2 Benjamin, New

York, 1975 )

—136—




JAERI-M 88-181

5., MULTIPLE COULOMB EXCITATION oF 487190y,

Masumi OSHIMA. Shin-ichi ICHIKAWA;* Hideki IIMURA.* Eisuke

MINEHARA, Hideshige KUSAKARI** Takashi INAMURA,*** and Akira

HASHIZUME***

Oepartment of Physics., *Department of Chemistry, JAERI.,
"¥RIKEN, Wako-shi, Saitama 351-01, ™ zaculty of Education,

Chiba University. Yavoi-cho. Chiba 280

Although there is no sufficient experimental B(E2) data in the even-
even nuclei with N ® 90, the B(E2) values for the transitions up to the
6+ or 8+ states seem to increase more rapidly with the spin than the rigid-
rotor-model predictions { see, for example., Refs. 1-3 }). |n order to check

up such an interesting feature., we have done Coulomb excitation experiments

148'150Nd with N = 88 and 90. We have measured the Y-Y coincidences and
Y-ray angular distributions. The new {eveis with spin & in ]48Nd and spin
10 and 12 in 1soNd were established by the Y-Y coincidence measurement. In

order to deduce the transition probabilities for the ground-band
transitions, we have extracted Y-ray vields from the Y-ray angular-
distribution data. Theoretical yislds can be calculated by using the
multiple-Coulomb-excitation code4) by Winther and de Boer which includes
the EZ matrix elements between the ground-band members as free parametars.
Therefore, the matrix elements can be determined by fitting the
experimental yields with the theoretical ones. In a preliminary analysis we
have not found so good agreement between our results and the previous

1-3) . . .
vajues. Further analysis is in progress.
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16O+1u"148’1528m Near The

Coulcmb Barrier
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The large subbarrier fusion cross sections, which reveal a strong
isotope dependance for many systemsl), attract much interest in heavy-ion
reactions near the Couloumb barrier. A number of thecoretical models have
been so far proposed, connecting the strong transfer channels with the
large subbarrier fusion cross sectionsl). In the
16O+144’l48’150’152’1548m systems, a strong ilsotope dependence of

subbarrier fusion cross section has been cbservedz’B). The effect of the

quadrupole deformation has been taken into account in order to explain the

isotope dependence.
In this report we describe results of the gquasielastic reaction for the

of 160+144’148'1528m systems carried out at the JAERI tandem accelerator.

The 16O_beam energy was 72MeV which was about 10% higher than the Coulomb
barrier. The energy spectra were measured with an energy resolution of
200 keV by using the heavy-ion spectrograph4) "ENMA". The mass number,
atomic number, Q-value and atomic charge state g of a reaction product were

determined unambiguously from a measurement of the total energy E, energy

. 17 8
loss 8E and momentum P. Six nuclei 1 O,1 0, 15N, 12C, 13C and C were

observed in addition to elastically scattered 160. Other reacticn

products could not be identified because of their small yields.

The angular distribution of the elastic scattering for O+144Sm was

measured at the incident energy of_71.4MeV5). The optical potential
parameters which reproduced the data were cbtained with the code Ptolemy.

Energy spectra obtained at ©. -=95° from the reactions Sm(160,170) and

16, 15 . . lab R .
Sm({~ 0, "N) are shown in fig. 1. Angular distributions for the ground -
state transition of these reactions are shown in fig.2. In the reaction
issz(160;170)1515m the angular distribution for the energy-integrated
cross sections (total) is shown. Absolute values of the reaction cross
sections were derived by normalizing the yields to those of the elastic

scattering which were measured simultaneously. The absolute value of the
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160+l48,152

elastic scattering cross sections for Sm was taken from the data

by Weber et a16).

16, 15
Sm ('60, 170]Sm Smi 0.' N) Eu
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Fig.1 Spectra obtained from the (160,170) and (160,15N) reactions on 1448m,
148Sm and 1SZSm .
DWBA calculations for cne-neutron pickup and one-proten transfer
reactions were performed with the code Ptolemy. We used the optical

potential parameters which were cbtained through the coupled-channel
analysis for the elastic scatterings’7). For the spectroscopic factors we
used the values obtained by the light-ion induced reactions such as {p,d),
(d,p), (3He,d) and (d,BHe) etc. Solid lines in Fig.2 are the results of
the DWBA calculations. For the one-neutron pickup reaction (160,170),
angular distributions are well explained by the DWBA calculations with a

normalization factor n=1. On the other hand a normalization factor n=3.0

148’1528m(160,15N) reaction.

is required for the one-proton transfer
In Table 1 the sum of the measured quasielastic and fusion cross

sections at Elab=72 MeV is compared with the optical-model calculation

using parameters which reproduce the elastic scattering data. The optical

model calculation reproduces well the total reaction cross sections.
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Table 1 Measured quasielastic and fusion cross sections at Elab=72 MeV.

The sum of measured cross sections are compared with the total

reaction cross sections calculated from the optical model.

target .
144Sm 148Sm 152Srn
9t ransfer 34 o1 87
e} . 220 270 ‘ 330
fusion
T. . 124 505 - 1896
inelastic
-Sum. 378 826 2313
oRc 359 831 2300
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5,6 MASS D!STRIBUTIONS OF FISSICN FRAGMENTS IN THE ?QF + !QTAu

REACTICON
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The reaction dynamics of the fission process influences the mass
distribition of the fission fragments]). We have previously observed that
the mass centroids of the fission fragments produced in the ]QF on ]gTAu
reaction deviate from the haif mass of the compound nucleus. In order to
investigate this phenomenon, We have measured the mass distribution by
means of a precise mass calibaration techniaque.

A 480 Ug/cm2 thick 1gTAu target was bombarded by ]gF beams with beam
energies from 100 to 180 MeV. Fission fraagments were measured by thrae
time-of-flight (TOF) telescapes. in order to calibrate the absolute mass of

nat t nat
the fission fragments., three targets Ag. na Sb and Ba were bombarded

with a 200 Mev 8]Br beams. The recoi! nucieil and the scattered 81Br ions
were detected by these TOF telescopes at various scattering angles. The
818r beam energy and the target masses were chosen so as to make recoil
nuclei simulate the fission fragments in mass and energy.

The typical mass distribution corrected for neutron emission is shown
in Fig.1. The centroids of the mass distributions are shown in Fig.2 as a
function of the mean center-of-mass scattering angle. The present data show
a weak but distinct angular dependence of the mass centroids. which
increases with bombarding energy. At the highest bombarding anergy
(ELab=160 MeV) the mass shift from forward to backward angles amounts to
~3 a.m.u. , which is much greater than the systematic uncertainty.

Figure 3 shows the relative angular distributions (normalized to
unit at ecm=86.5°) for the two different mass bins at the bombarding ensrgy
of 160 MeV. Fraom this figure we can see the enhanced (weakened) vields of

the heavy fragments (A=118-15%0 a.m.u.} in comparison with those of the
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light fragments (A=65-97 a.m.u.) at the forward angies ( at the backward
angles). These asymmetric angular distributions of spacified fragments have
been reported by Kefler et aIT) as evidence of the quasi-fission process.
Previously forward-backward mass centroid shifts have been observad
for heavier reaction systems and have been interpreted in the framework of
the extra-push modeIZ). Accerding to this model. an "extra-extra push
eneravy” is required for a heavy reaction system to form a comsound nucleus
inside the true fission saddle point. |f the bombarding energy is not sc
high, a fission-like (quasi-fission) process occurs without a compound
nucleus formed inside the saddle-point. !n this case the forward-backward
mass asymmetry may appear. depending on the reaction time and angular
momentum. Howewver the present experiment on the 1gF an igTAu reaction
indicates a different situation: Although according to Back's
systematiCSa) the extra-extra push energy is zero, a quasi-fission process

as well as a dominant process of compound~fusion fission takes place,
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5.7 A TWO-DIMENSIONAL POSITICN-SENSITIVE DETECTION SYSTEM
FOR THE 8Be NUCLEI FRCM HEAVY ION REACTIONS
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Hiroshi IKEZOE, Susumu HANASHIMA and Yuichiro NAGAME

N .
Department of Physics, Department of Radicisotopes,
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In the heavy ion reactions the 8Be nuclei are expected to occupy a
large part in the production cross sections of light fragments owing to
its loosely-bound 2¢ structure and small Q-values. They are unstable
(tl/z = 10“16 sec at ground state) and decay igto two o particles soon
after ejected from the composite system. The Be identification is based
on the measurement of spatial and energy correlations between the decaying
a particlesl). In the detection system where Si detectors are employéd as
AE and E counters, the size of the AE counter limits practically the
available solid angles. To achieve both large solid angle and good
position resolution, we have constructed a two-dimensional position-
sensitive detection systemz) which is composed of paired drift chambers
(PDC) as AE counters ang two ciosely—spaced 5i detectors as E counters.

'Fig. 1 shows a schematic diagram of the detection syste%. Allrthe
components are housed in a chamber of 16x20x20 cm3 with an entrance window
of 2um aluminized polyester foil. The PDC has been operated at a pre;sure
of 30 Torr with isobutane gas. The two E counters have a sensitive area
of 40%40 mm2 respectively with a separation of 7 mm. The PDC, the
components of which are similar in design to the ones described by Breskin
et a1.3>, is symmetrically arranged; each drift region has an active area
of 50x50 mm2 and its boundary is at the center position of the PDC. The
drift region with a width of 20 mm is surrounded by 50 um tungstenvwires
with each 2 mm spacing. The proportional counters with a sense wire of 20
pum are placed at the opposite ends of the drift region. 'To generate the
electric field for drifting the electrons horizontally to the proportional
counters, a minus high tension (VDC) is applied to the center wire; the
end wires at both sides are grounded while the intermediate wires are
linked in cascade by a 1 MR resistor. To maintain a constant drift

velocity (v ) over the whole drift regions, especially near the

DRIFT

boundaries, a high tension of V = -1400 V was applied; in this case,

DC
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Fig. 1 Schematic diagram of the detection system.
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VDRIFT - 260 ns/cm. For the determination of x coordinates for the
impinging a particles on the E counter, we derive a drift time of ionized
electrons from a measurement of the time difference between a start signal
from the E counter and a stop signal from the sense wire. One side of the
cathode planes is made of one surface of a delay line winded on the cubic
brass bar. Induced charges caused by the electron avalanches near the
sense wire travel through the delay line upwards and downwards and the
difference between the arrival times of both signals indicates the
position of the avalanches, i.e. Y coordirates., The transmission speed of
the signal through the delay line was 52 ns/em. The position resclution
was 0.3 mm in both X and Y directions for the 241Am a particles and good
linearity of the position was attained. For the beam experiments the
position resolution is actually determined by the size of the beam spot on
the target. For the present system the highest counting rate (< lO4
counts/sec) is limited by the space charge effect of the proportional
counters. In the measurement at forward angles it is necessary to cover

the entrance window with a Al or Cu foil to stop the elastically scattered

beams.
32S + 64Ni

We have measured the production cross sections of the sBe s nuclei
from the reaction 325 + 64Ni at 175 MeV. The target thickness oé 64Ni was
300 ug/cmz. The distance between the E detector and the target was 272
mm. The maximum opening angle of the E detector was 8.4 degrees. The
half width of the acceptance angle for 40 MeV 8Beg s"nuclei was 2.2
degrees. Fig. 2 shows a plot of the effective SOlid.angle vs BBeg.s.
kinetic energies. 1In the measurements at Blab = 18 - 35 degrees the
detector window was covered with a 20 um Cu foil. The proportional
counters were operated at a high voltage of 1000 td.1100 V so that
sufficient charges were induced on the delay lines to actuate efficiently
the Y-coordinate detgrminations for o particles with energies up to 100
MeV. We could steadily identify o particles froﬁ‘protons and other
heavier fragments. Fig. 3 shows a plot of the observed momentum
distribution of the relative motion between the coincident o particles.
There observed a sharp peak which corresponds to a correlated part R(AP)
determined from the 0.092 MeV Q-value of the Baeg s, nucleus. Other
contributions at the higher momentum region corre;pond mostly to the

uncorrelated part which was brought about by independently ccincident a
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Fig. 2 Effective solid angle as Fig. 3 Momentum distribution of a

a function of kinetic energies of relative motion between coincident

& a particles. The dashed line

Be nuclei.
g.s.

indicates the contribution from the

uncorrelated a particies.

particles. The yield of the 8Beg fragment has been obtained from the

. .

distribution of the relative momentum. This unstable nucleus occupiés
about 80% of the Be fragments emitted at elab = 18 - 50 degrees. The
differential cross section do/dBc for 8Beg <

. 1]

, which were obtained by gating the
The observed

shows a flat pattern.

8
The energy spectra of Be
corresponding momentum distributions, are continuous.

kinematical behavior of the SBeg S fragment is similar to those of other

-

light fragments, the measurement of which was made using a usual Si AE-E

The same feature was also observed for the reaction

counter telescope,
4)

160 + 27Al at 65 MeV by Brandan et al.
The present system has worked efficiently in detecting the 8Beg <

fragments with continuous spectra under strong ¢ backgrounds.
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5.8 EFFECT OF THE SHELL STRUCTURE ON THE POTENTIAL BARRIER
FOR THE SUBBARRIER FUSION REACTICNS

*

* *
Akira IWAMOTO and Noboru TAKIGAWA

*

kg *
Department of Physics, JAERI, Department of Physics,

Tohoku University

The observed values of the subbarrier fusion cross section in
heavy-ion reactions are much larger than one-dimensional barrier
penetration calculations when both projectile and target are heavy. There
is a trend that the enhancement becomes larger as the size of the system
becomes larger. Taking into account the intrinsic excitations of the
colliding nuclei, the coupled-channels calculaticn fairly well explains the
data for Ni+Ni or for lighter systems. For heavier systems, however, the
experimental cross sections are much larger than the calculated ones.

In Ref.l, this problem was attacked by assuming a semiclassical
neck-formation mechanism. The formation of the neck part between colliding
nuclei lowers the effective barrier, which enhances the fusion cross
section. Also Aguiar et al.2) have calculated the lowering of the
potential in a similar way but more systematically. Their results show
that the assumption of neck formation can reproduce the dependence of the
fusion cross sections on the size of the colliding systems observed
experimentally. Some data, however, deviate much from the systematics of
the cross sections as a function of the size of the system. Typical

examples are the systems 74Ge+74Ge and 40Ar+1545m. 1.2)

The ground state
of the nucleus 154Sm is deformed and it seems to be respensible to the
anomaly seen in the latter system. On the other hand, the nucleus 74Ge is
spherical in its ground state and thus it is of interest to inquire what is

responsible to the anomaly in the system 74Ge+74Ge

The characteristic of the 74Ge+74Ge system is the following.

The nucleus 74Ge is spherical in the ground state but is soft against:
deformaticn. The compound system l486d formed by these two lies in the
mass region of nuclei which exhibit super-deformed band. Since above
mentioned features are caused by the shell structure effect, we investigate
the effect of the shell correction energy to the fusion barrier. The
potential energy in our model is calculated by the sum of the liguid-drop

energy obtained by the Yukawa-plus-exponential model 3) and the shell
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correction energy given by the Strutinsky prescription. We calculated the
fusion barrier for the neck-formed configuration 1).

Calculations including the shell correcticn energy show only little
change of the fusion barrier height. Noticing the fact that the shell
correction energy is closely related to the deformation of the nucleus, we
also performed the calculation including the freedom of the deformation of
two Ge. The barrier height in this model is defined as the maximum wvalue
of the potential energy against the center separation of two fragments for
given fragments' deformations 6.

At deformation &=0.2, the macroscopic contribution lowers the fusion
barrier height by 2.3 MeV from the value for the spherical fragments. An
additicen of the shell energy causes further deformation &=0.35 and decrease
of the barrier height about 5.1 MeV. As a whole, the fusion barrier height
for 74Ge + 74Ge system is lowered by 7.4 MeV from the macroscopic barrier
height for spherical nuclei. The amount of this reduction of the barrier
height is about the same as is required to fit the experimental data.

In order tec see the validity of our assertion, we have performed the

same kind of calculations for the 6 systems, 40Ar + 4OAr, 58Ni + 58Ni, 64Ni

+ 64Ni, 8OSe + 8OSe and 9OZr + 9OZr. The results are summarized in the

table, where VO’ AV and VB are the barrier height calculated by using the
macroscopic energy for the neck-formed shape at 5=0.0, the microscopic

correction to V_ at the optimum wvalue of & and the total barrier,

0
respectively. As is clearly seen in Table 1, the microscopic correction
. s 7 .
to the barrier height is most significant fer 74Ge + 4Ge. A fairly large

80Se. In these two systems, the optimum

effect is seen also for 0Se
deformation is about 0.35. For the other systems, the microscopic effect
is not significant. The trend of the barrier height thus obtained is

consistent with the systematics of the asymptotic energy shift.

Table 1
sYsTEM “Ccat®Cca Bwie®Bni ®%nia®%Ni "%Ge+’%ce 805e480se 9074907,
v, 54.4 94,7 91.5 115.3 127.6 173.2
AV 1.7 -1.3 -1.3 7.4 4.5 -0.6
Vg 56.1 93.4 90.2 107.9 123.1 172.6
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The feature of the above mentioned microscopic energy is related to
the shell structure of the fragment nucleus as follows. The shell
correction energy near the barrier is roughly equal to the sum of the
shell correction energies of isoclated fragments. In the deformation
energies of isolated-74Ge and 80Se, the liquid-drop energy rises so rapidly
with the deformation that the addition of the shell correction energy
causes no significant effect. The situation is quite different in the
barrier region where the liquid-drop energy itself decreases as:deformation
increases. Thus the addition of the shell correction energy, "which
decreases rapidly with deformation, c¢auses 'a drastic change in the
potential energy. In this respect, the shell structure of the fragment is
essentially responsible to +the anomaly of the. subbarrier fusion cross
section. The role of this shell structure becomes remarkable when the
freedom of fragment's deformation is taken into account. The structure
of the compound nucleus, on the other hand, is not directly related to
the change of the barrier height. Therefore no close relation of :the-
existence of the super-deformation and the ancmaly of the subbarrier fusion
cross section is seen in our calculation.

In summary, the model calculation including the shell correction
energy together with the freedom of the deformation can explain the

ancomalous enhancement of the subbarrier fusion cross section seen 1in

7 . .
74Ge+ 4Ge system. . The model also predicts a fairly large enhancement for
8OSe + 80Se system. It is interesting to measure the subbarrier fusicn
cross section for this system at -much lower -energies. In order to-

calculate the subbarrier fusion cross section more quantitatively, it is

necessary to develop a model which takes into account the dynamical: aspects:

of the fusion process.
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5.9 ALPHA DECAY IN ACTINIDE NUCLEI
AND
THE SPDF BOSON MODEL

*
Michiaki SUGITA and Takaharu OTSUKA

*
Department of Physics, JAERI, Department of
Physics, University of Tokyo

1) o

We have recently proposed an spdf boson model
describe positive and negative parity bands observed in the
actinides. In these nuclei, the negative parity bands appear
in excitation energiles comparable to those of guadrupole
collective states. In such a case, the octupcle deformation
plays an important role, and strongly couples with the
guadrupole deformation. The spdf boson medel can provide a
unified description of the octupcle-gquadrupole collective
states (see Fig. 1).

The alpha decay width is a senitive measure of the

structure cof the quadrupole-octupole collective states. The

vibron modelz) has been successful in describing the alpha
decay, but does not have a close or natural connection to the
octupole deformaticon of nuclei. In contrasi, the spdf boson
model is formulated from the octupole point of view. It is
then of great interest to see whether the spdf model can
describe the alpha decay or not. We consider the alpha decays
of Th isotopes from ground to ground states. We can reproduce
them nicely using the constant alpha decay operator

(see Fig. 2). It would be guite interesting to investigate the

microscopic explanation for this.
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5.10 PROTON-NEUTRON SDG BOSON MODEL AND SPHERICAL-
DEFORMED PHASE TRANSITION

*
Takaharu OTSUKA and Michiaki SUGITA

Department of Physics, University of Tokyo,

*
Department of Physics, JAERI.

The spherical-deformed phase transition in nuclei is
described in terms of the proton-neutron sdg interacting boson
model. The sdg Hamiltonian is formulated as a modeling of the
pairing plus quadrupcle interaction. The rhase transition is
reproduced in this framework as a function of the boson number
in the Sm isotopes, while all parameters in the Hamiltonian
are kept constant at values reasonable from the shell-model
point of view. The sd IBM is derived from this model through
the renormalization of g boson effects.
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5,11 DAVYDOV-FILIPPCV LIMIT OF THE IBM

*
Michiaki SUGITA, Takaharu OTSUKA

and

* %k
Adrian GELBERG

*
Department of Physics, JAERI, Department of

e %k
Physics, University of Tokyo, Institut fur

Kernphysik, University of Koeln, Colcgne, West Germany

The O0(6)} limit of the interacting boson model {(IBM) is
studied in connection with the rigid-triaxial-rotor model of
Davydov-Filippov, and the gamma-unstable model of Wilets and
Jean. The I=0 deformation potential is calculated as a
function of axial asymmetry v by projecting a v fixed intrinsic
state onto the good angular momentum I=0. Although the
projected potential has already been reported to have a minimum

1)

at Y=3OD for small values of the boson number N°’, 1t is shown
to resemble a square well at the classical limit: N infinite.
This indicates that the rigid triaxial wave function differs at

infinite N from the gamma unstable wave function which is the

exact solution of the 0(6). The projected spectrum with ~=30%

ig found to converge at infinite N to the Davydov-Filippov

spectrum with ~=30°. Thus the Davydov-Filippov limit of the
IBM can be introduced as the 'projected' classical limit,
although it can no longer be a good approximation to the exact

0{6)} soluticn.
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6.1 A PRELIMINARY MEASUREMENT OF THE KINEMATICALLY-
COLLIMATED NEUTRON SOURCES USING THE lh(10p,n)iCg
AND H(1lg,nyllc RreacTIONS

Satoshi CHIBA, Xazuo HASEGANA*, Motoharu MIZUMQTOQ,
and Yoshimaro YAMANOUTI

Department of Physics, JAERI,
*Faculty of Engineering, Tohoku University

Introduction
In the fast neutron scattering cross section measurements at the

JAERI tandem accelerator facility, the D(d,n)3He reaction has been used as
the source neutron producing reaction below neutron energy of 20 Mevis2)
This reaction, however, also produces many lower energy neutrons due to
the D(d,np)}D breack-up reaction, and l97Au(d,xn) react%on from the beam
stop made of gold. Therefore, the measurement was restricted to the elas-
tic and inelastic scattering cross sections for some low-lying states with
excitation up to 5MeV. Futhermore, these background neutrons, as well as
the source neutron itself, are produced at any angles in the laboratory
system and hence reduce the S$/N ratio of the (n,n') and (n,n'-gamma )
measurements, especially at backward angles.
If the source neutrons were produced in endothermic reactions, rep-

resented by A(B,n}C, with enerqgy of particle B, say E, satisfying

Vg = [2mgE/(mytmg)21L/2 > v = (omemy (E-Eqy,)/L (mytmg) (my#me )m 11272,
where

Vg denotes velocity of the center-of-mass in the laboratory system,

v, velocity of neutrons in the center of mass system, My the mass of

particie x and E;y, the threshold energy,
the neutrons will be confined in a forward cone {< emax) in the Lab.

frame. This maximum angle is calculated to be

By = STNTHmg(mptmg-m ) (1-E¢pp/E)/Lmgm, 13
from a velocity diagram as shown in Fig.l. The 8 nax CaN be made small if
a heavy ion is incident on a 1ight element with an incident energy close
to the reaction threshold. In the present study, a preliminary measure-
ment was made for the "kinematically-collimated neutron sources" according

to this concept. The lH(lOB,n)mC and 1H(llB,n)llc reactions were
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salected considering the- reaction Q—values3), because these reactions are

suited to produce neutrons of 10-MeV region at the JAERI tandem, in whnich

neutron cross section data are considerably scarce.

Experimental Procedure and Results

The 108 and 18 beams of 65 MeV and 61 MeV were provided by the tan-
dem accelerator, respectively. These beams had been chopped and bunched
prior to acceleration. A carbon stripper foil (10 micro.g/cmz) was used
to convert the BQ~™ molecular ions to B¥4 ones in the high voltage ter-
minal. Hydrogen gas (0.2MPa) was employed as the target, with a Sum
thick Mo entrance window and a 1.5-mm thick gold beam stop. Produced
neutrons were detected by an NE213 scintillation detector at 0° with
respect to the icn beam. Energies of the neutrons were determined by the
time-of-fight (TOF) method. The time spread of the fon beams was 7ns.

In Figs. 2 and 3, the neutron TOF spectra are. shown. Some ex-

perimental parameters are listed in Table I below.

Table 1 Some typical experimental conditions

Accelerated ion 10g+4 lig+d
Negative ion source- NISS SNICS-2
Beam current on the target (nA) 2.3 - 80
Energy of Ion beam on the target (MeV) 65 61
Average energy loss in the Mo foil (MeV) 4.4 . 4.5
Average energy loss in the H, gas {MeV) ' 1.0 1.2
Average energy of Ion beam in the gas (MeV) 59.6 55.3
Energy of produced neutrens {MeV) 10.3 11.3
8 ax {degree) T - : 26 38
Flight path (m) 1.6 3.6
Time width/ MCA channel (ns/channel) - Q.257 0.346

As shown in Fig. 2, neutrons from the 1y(10g,n)10¢ reaction were
shielded by the-continuum neutrons produced from the 197Au(108,xn) reac-
tion. This result is nétural,.considering the small cross section of the -
former reaction, 1.0mb, which was deduced from the "“reverse” reaction

cross section, i.e., the 10B(p n) reaction®),
On the contrary, the lH(llB n)llc reaction is about 300mb in this
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energy rangeS), and hence made a clear neutrcn peak as shown in Fig. 3. A
rough estimate of the cross section for this peak gives a vajue of 170+34
[mb/str]. This value is about twice of that of D(d,n)3He reaction t;ét
produces neutrons of same energys). In this case again, the continuum
background neutrons were originated from the 197Au(118,xn) reaction from
the gold beam stop. The magnitude is, however, small compared with the
main peak. Conseqguently, this reaction has favorabie properties as a
“clean" neutron source. In the present experimental condition, the
neutron flux at a point 10cm from the gas cell was about 105[n/cm2/s]
which might be strong enough for use as a neutron source in some {(n,n'}
and {n,n'-gamma) experiments. The low background of this reaction might
also enable us to make such a measurement as detection of more than cne
neutrons in coincidence, i.e., in the (n,2n) reaction.

In a subsequent work, properties of the lH(llB,n)llc reaction, e.g.,
angular distribution of neutrons, excitation function at O-deg. and
spectra of background neutrons, were measured and now under analysis.
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Fig.1 A schematic diagram of the relations among velocities and emission
angles in the "kinematically-collimated" neutron source.
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6.2  SCATTERING OF 13 MeV NEUTRONS FROM llB

Yoshimaro YAMANOUTI, Masayoshi SUGIMOTO, Yutaka FURUTA,
Motoharu MIZUMOTO, *Mikio Hyakutake and
**Thamrong METHASIRI

Department of Physics, JAERI, *Department of Nuclear
Engineering, Kyushu University, **Department of Physics,

Chulalongkorn University

Differential neutron cross sections for elastic and inelastic
scattering on 1lB were measured at an incident energy of 13 MeV in order
to study the reaction mechanism for the neutron scattering on light odd
nuclei, A few measurements of the neutron scattering on IlB in the
energy range above 10 MeV have been made previously. The data available
are at neutron energies of 14.1 MeVl’z) and 8-~14 MeV3). Alder ét al
have studied the inelastic scattering on the low-lying states of 11B by
using the unified model, which considers two amplitudes, one correspond-
ing to a 12C core transition and other to a traunsition of a hole, and
have obtained rather goed fits to the experimental datal). In this work,
paticular interest was taken in the collective model analyses taking
into account the inelastic compound nuclear comtribution.

The measurement was performed with the pulsed beam time-of-flight
method. A pulsed beam of deutercms with a repetition rate of 2 MHz and
with a burst duration of about 2 nsec was provided by the JAERI tandem
electrostatic accelerator, Neutrons were generated by the 2H(d,n)BHe
reaction. A scattering sample of granular natural boron packed in a
cylindrical aluminum can was used. The neutron detector is a 20 cm in
diam by 35 cm thick NE2Z13 liquid.scintillator viewed by RCA 8854 photo-
multiplier tubes at the front and rear scintillator faces. Neutrons were
observed by an array of these four neutron detectors for efficient
measurements of scattered neutrons.

The resulting differential cross sections were corrected for
multiple scattering and flux attenuation in the sample by means of the
Monte Carlo method. Differential cross sections were determined for the
elastic scattering and the inelastic scattering leading to the excited

states at 2,125 MeV(1/27), 4.445 MeV(5/27) and 5.021 MeV(3/2”) over the

angular range from 20° to 140°,
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The neutron time-of-flight spectrum taken at 50° is shown in fig.l.

The elastic scattering data were analyzed by the optical model with
the standard form, and the best fit optical potential parameters were
searched for. The compound elastic and inelastic cross sections were
estimated by using the Hauser-Feshbach formalism. The {n,n"), (n,p),
{n,d}, {(n,t) and (n,alpha) channels were considered for the outgoing
channels in the compound nuclear process. The compound cross sections

4)

were scaled down by the reduction coefficient of 0.58 to correct the
overestimate for the calculated walues. These calculations were
performed by means of the code ELIESE-3.

It is of great interest to study to what extent the collective
model can describe the light mass nucleus 1lB. Collective model
predictions were examined by using the code DWUCK4., In the DWBA calcula-
tions the best fit optical potential parameters obtained in the optical
model analysis were used. And compound inelastic cross sections were
taken into account in the DWBA fits. The result obtained in the DWBA
calculation for the 5/2  state at 4.445 MeV is shown in fig.2,

The experimental cross sections were also analyzed by the coupled
~channel theory by using the code ECIS79 to check the nuclear shape of
11B. In the coupled-channel calculations the 3/2° ground state and
the 5/2° state at 4.445 MeV were assumed to be the members of the K=3/2
rotational band. Optical potential parameters except the spin orbit term
and the quadrupole deformation parzmeter were adjusted to get the best
fit to the experimental cross sections. The results obtained in the
coupled-channel calculations are shown in fig.3. The fits to the experi-
mental cross sections are good. The quality of the fit with oblate
deformation is neary equal to that with prolate deformation.

In the present experiment neutron cross sections for elastic and
inelastic scattering on 11B were obtained, and the collective model
calculations taking into account the compound nuclear contribution well

reproduce the experimental cross sections for the ground 3/2° and

excited 5/2 states of llB.
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6.3 ANALYSIS OF THE NEUTRON SCATTERING CROSS SECTIONS OF
1185n AT 14.9 AND 18.0 MeV

Satoshi CHIBA,
Department of Physics, JAER!

Introduction

Fast neutron scattering cross sections of 118Sn have been measured
using the JAERI tandem neutron time-of-flight spectrometer at the incident
neutron energies of 14.9 and 18.0 MeV. Angular distributions for the elas-
tic scattering, and inelastic scattering to the 2+ state (Q=-1.23 MeV) and
to the 3- state (Q=-2.32 MeV) have been obtained!). These results are dis-
ptayed in Figs. 1, 2 and 3, respectively. In the present study, they have
been analyzed theoretically and some parameters have been deduced. This
paper describes the method and resuits of the analysis.

Method of the parameter search

The elastic scattering angular distributions have been analyzed by the
spherical optical model (SOM) at both energies. The ECIST3 code2) was used.
The potential was set to be real volume Woods-Saxon + imaginary derivative
Woods-Saxon + real Thomas-Fermi type spin-orbit terms. Starting from
parameters of Rapaport et al.3), six parameters for the real volume and im-
aginary surface parts were searched for. The result is listed in Table 1.
The broken curves in Fig. ! show the result of the calculation.

The angular distributions for the inelastic scattering were calculated
by the DWBA theory with the DWUCK4 coded) using the potential parameters ob-
tained above, and the scaling factors, i.e., the deformation parameters B,
were determined assuming L=2 and L=3 transitions. Results are listed in
Table 2 and shown as the broken curves in Figs. 2 and 3.

The elastic and inelastic scattering cross sections were also fitted
by the coupled-channel theory with the ECIS79 code. The harmonic vibra-
tional model was used. The results are listed in Table 1, and shown as the
dash-dotted lines in Figs. 1, 2 and 3.

Discussion
The deduced deformation parameters and deformation lengths, &§=RX 8
where R means the real well radius, are compared in Table 2 with other ex-
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perimental results. The present results are consistent with the data of
Finlay et al.5,68) deduced from the same reaction. 0On the contrary, the
quadrupole deformation parameters deduced from the (n,n’) reactions are con-
siderably smaller than those from the (p,p’) reactions. Therefore, the
vibration was proven not purely cotlective in nature.

According to the Lane model with deformation, the isoscaler deforma-
tion length (80) is expressed as

80 =1/2-(8p,p" + 8,n")-

From Table 2, this value is calculated to be 0.704%0.012 for L=2. This
should be consistent with one deduced from the (a,a’) scattering, because
a scattering is entirely isoscaler. This value is really consistent with
the data of Baron et al.T) listed in Table 2, although their uncertainty is

relatively large.

The ratios, Ba(p,p’)/ B2(n,n’)» B2a(n,n’)/ B2(eMy, and Ba(p,p’)/

B 2(gM) have been calculated and listed in Table 3. In this table,
theoretical vatues are also listed calculated from the core-polarization
theory8,9) that expresses these ratios with a 2X2 effective charge matrix.
Elements of the effective charge matrix were calculated according to the no-
parameter and one-parameter schematic models (NPSM, OPSM) and no-parameter
and one-parameter Bohr Mottelson models (NPBM, OPBM). Among these four
models, the OPSM gives the best results; the ratios are almost consistent in
the experimental uncertainties in all quantities.

With regard to the octupole deformation parameters, 83, there are no
differences among the (n,n’), (p,p’) and (a,a’) results. Althoug it is
expected that the isovector deformation might be larger than the isoscaler
one, this result shows that they might be equal in this excitation region.
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*
Table [ Optical potential parameters !

2

Ea model Vr 75 a Wd T a, cpp*“
(MaV) (MeV)} (fm) (fm) (MeV) (fm) (fm)
14,9 SoM 48,9 1.17 0.821 7.52 1l.l5 0Q.581 6.5

cc 49.4 1,17 0.82! 6.53 1.l5 ¢.:381 10.2
18.0 oM 44.1 1,23 €.712 8.90 1.2l ¢0.306 3.0

cc 44,5 1.23 0.712 7.88 1.21 0.506 4.1
*1; the optical potentcial has the standard form with a real volume term,

a surface derivative imaginary term and a real Thomas-Fermi type
spin-orbic term, The spin—orbit term was fixed to be VS°=6.Z HeV,
v =1.01l and a2 =0.76fm.

so so

#2; chi-squares per point for the elastic scattering cross sectious

Table 2 Quadrupole and Octupole deformaticn parameters and lengchs

deduced from varicus kinds of transition.

Reaccion Reference Energy Method 52 52 53 53
{n,a") Preseat average DWBA 0:11530.006 0.874%.035 0.172%0.014 1.0l =0.08
{(z,a'} TFinlay+ 11.0 DWBA 0.108#0.007 0.436%0.041 0.17330.029 1.02 =0.14
(p,p') Makosfke+ 16.0 DWBA 0.13430.010 0.78920.039 0.16833.014 0.38920.014
(p,p') Beer+ 24,5 DWBA 0.134%0.004 0.743%0.022 0.174=0.110-0.964-0.061
(e¢,a’) Baron+ 40.0 DWBA 0.10 .02 - 0.72% Q.14 0.15 #.03 1.190.2

E
EM Raman+ Eval 0.111%30.002 0.553%0.,012

*

: Evaluation of Raman et al. from the experimencal B(E2)* values.

Table 3 Comparison of the ratics of che Quadrupole deformation parameters
deduced from different kinds of transitioun with thaory.
Quancicy NEPSM CPsSM NPBM OPEM Exp.
aZ(p,p’)/BZ(n,n’) 1.13 1.10 1.20 1.18 1.16 = 0.04
1 -
SZ(n.n’)/BZ(EM) 1.07 1.05 1.06 1.05 .01 £ 0,03
. L 2 .24 .15 = 0.
BZCp,p')/BE(EM) 1.20 L.15 L.26 1 1.15 =0.03
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6.4  MEASUREMENTS OF GAMMA-RAY PRODUCTION CROSS SECTIONS

Kazuo HASEGAWA, Motoharu MIZUMOTO, Satoshi CHIBA,
Voshimaro YAMANOUTI, Masayuki IGASHIRA™,
Toshiro UCHIYAMA®, Hideo KITAZAWA®, Manfred DROSG™™

Department of Physics, JAERI, *Research Laboratory for
Nuclear Reactors, Tokyo Institute of Technology,
**University of Wien, Austria

Introduction

Gamma-ray production cross sections are necessary to calculate the
radiation shielding and the gamma-ray heating both for fission and fusion
reactors. Experimental data measured using monoenergetic neutron sources

are scarce especially in the energy range from 5 to 14 MeV, where adequate
neutron sources have not been available. Measurements to obtain whole
gamma-ray spectra including the continuum part have been carried out
mainly with the white neutron source using the electron Tinear
accelerator. Their neutron energy spread, however, was usually very wide
due to the low counting statistics especially in the high energy region.

For the evaluation of JENDL-3, the gamma-ray production cross
sections for several important nuclei have been newly evaluated. The
evaluated results are now being tested with experimental gamma-ray data as
well as neutron data.

Our aims in this experiment are to provide accurate gamma-ray
production data for structural and shielding materials such as Al, S§i, Fe
and Pb in the MeV region with higher neutron energy resolution.

Experiment _

The experimental arrangement is shown in Fig. 1. Neutrons were
produced in a 3 cm long 0.2 MPa pressurized gas target by the 2H(d,n)3He
reaction. A deuteron beam was extracted from the in-terminal ion source
of the JAERI Tandem Accelerator and was accelerated up to 5 MeV to produce
neutrons of 7.8 MeV, where the effects of break-up neutrons couid be
ignored. The average beam current and pulse width were 0.5 uA and 4 ns,
respectively, at a 2 MHz repetition rate.

Gamma-ray spectra were measured with a 7.6 cm dia. x 15.2 cm long
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NaI{T1) detector, which
was surrounded by a 25.4 \

cm dia. x 25.4 c¢m long _ \Q;m |
N a I ( T .I) a n n LI ] a r %Z ) / fNevaled Porailin

% _ive [ g
detector. These two \ RN WS
detectors were operated —— JG%%FNMEE

in an anti-coincidence

N
ﬁﬁmﬂm <l
NSOWRaN|

mode to suppress the

Compton backgrounds in
the Nal detector. The
sampie was placed at a
distance of 9.8 cm from
the neutron target and
the gamma-ray detector
was located at about 80
cm from the sample. The size of all samples was 3cm dia. x 3cm long.
Data were taken at a 90 degree in the present experiment.

The neutron spectra were measured at the same time employing a 5 cm
dia. x 1.27 cm thick NE213 detector Tlocated at a distance of 3.74 m from
the neutron source and at an angle of 58.7 degree.

in n'r} Delecior Sehield

Experimental arrangement

Analysis ~

The response function of this anti-Compton Nal detector was
determined to obtain absolute gamma-ray yields. The several standard
gamma-ray sources such as, 137Cs, 6000, 88Y, 22Na and 24Na were used to
examine the response function. The spectra were\aTSo obtained for the
4.43 MeY gamma-rays from the 12C(n,n‘) reaction and the 6.1 MeV gamma-rays
from 16O(n,n') reaction. After subtracting backgrounds; gamma-ray
pulse height spectra were unfolded using the computer program FERDORI).

In generé], a large sample size is needed in order to decrease the
uncertainty due to counting statistics of raw data. However, the
corrections for absorption and multiple scattering both for neutrons and
gamma-rays in the sample become large as the sample size increases. The
caiculations for these corréctions are usually carried out by a Monte
Carlo method because anaiytical solutions are very complicated. Computer
codes "MNSCAT" and "COMPCALC" are newly prepared for these calculations.
The calculated results are shown in Fig. 2 for Pb. While the correction
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factors for Compton

scattering are negligible a0

107 2 3
in the high energy region, % C ]
|
they become as much as Ei F ]
o e i i
40 % in the Tow energy 2 107t E i=Cs E
~ H : ——— a
region. = E -~ EL&?L;L__ i
N l
S 10_2"5 :] E
Results o = ! E
—_— - F 1
The results are shown  § i %
. . v .
in Figs. 3-6, together . 10_3? gg;gigﬁegcégierinq .
with the data taken at g F Corrected only for 3
2_5) g L y-ray Absorption 4
ORELA . The overall U L Raw Data {
-4 ! 1 [ I L ! I -
agreement of our spectral W s 3 2 s 5 7 5 s
shapes for all the Gamma-Ray Energy (MeV)
samples with the ORELA Fig. 2 Sample size corrections for
data seems quite good. gamma-ray spectrum of Pb

The peak areas in the low
energy parts of the present results are generally lower than the previous
results. This may be partly affected by the difference of the sample size

correction methods.

— 4 o~ « ORNL f :
& = Si
% : e 2 Al = a T JENDL-3T
= -4 2 =
s T da B ™~ ¢ Present
— = - 5__,
QAL AP ] ¢
Shl PR ERE)
: . iid ]
= : =] -
3 # 43 .
IE a%‘ 3 <+ ‘
@] ! 3 o]
T o 4 @
[¥p] & = [ 9p] ‘
|
m ddy .5 =
0 H ?{ I g l
o s ORNL ] i S |
) | JENDL-3T ] © ,
¢ Present | E
' ;
| : : I bl :
2 4 6 8 10 2 4 6 g . 10
Gamma-Ray Energy (MeV) Gamma—Ray Energy (MeV)

Fig. 3 Comparison of the present Fig. 4 Comparison of the present
results with the data of ORELA results with the data of - ORELA
and JENDL-3T for Al and JENDL-3T for Si
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The data stored in JENDL—3T6), were also compared and checked with
the present results. Although the energy bin for the evaluations in some
cases is too broad, the evaluations represent the present experimental
data reasonably well. Data on gammaérays resulting from these reactions
allow evaluators to check the validity of various reaction models to
calculate these cross sections.
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6.5 NONDESTRUCTIVE ELEMENTAL ANALYSIS
BY THE METHOD OF NEUTRON RESONANCE ABSORPTION

*
Igamu ISHIKAWA, Noboru TACHIKAWA, Makio OHKUBO
‘and Hiroshi TOMINAGA.

Department of Radioisotopes,*Department of Physics, JAERT

INTRODUCTION

The applicatioen of neutron resonance absorption to the analysis of ma-
terial element and element-gsensitive radiography was attempted in some la-

1,2
! ’3). We took up recently this technique as a promising one

boratories
just suitable to the new long-term development program in Japan Atomic En-
ergy Research Institute. Cur final goal is to establish a novel technique
of element-gensitive computer tomography by using resonance absorption in
transmission of epithermal neutrons.

As the first step of the development program, a feasibility study has
been made of nondestructive elemental analysis by means o¢f the rescnance
absorptioh of pulsed neutrons at a time-of-flight spectrometer of the 120
MeV electron linear accelerator. Some typical elements were analyzed which
have large resonance c¢ross sections in ordinary metals, such as cobalt and
manganese in stainless steels. Cobalt in a stinless steel is.an-important
element which hag to be checked, gince in the nuclear industry and relatéd'
fields it produces a significant amount of residual radicactivity under
neutreon irradiation. On the cther hand, calculations were made to clarify

an optimal condition of the analysis and a limit of detection of an element

in a general form.

EXPERIMENTAL PROCEDURE

Neutron transmission measurements in a region of epithéfmai neutrons
were carried out on the JAERI Linac time-of-flight spectrometer with a 47m
flight path. Pulsed neutrons were genefated by bombarding a wéter-cooled'
tantalum target by a pulsed electron beam from the Linac. The eiecfron beam
energy was 120 MeV, peak current ~2A, pulse width 50ns and repetition rates
150ppe. High energy neutrons generated were slowed down with a water mod-
erator in which boron nitride powder was contained to reduce the intensity

of hydrcgen capture gamma-rays. Neutrons from the moderator were transmit-
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ted through a lead gamma-shield, a boron nitride filter, a vacuum flight
tube, a collimator of 38mm diameter and a sample to be analyzed, and final-
ly detected with a 6Li—g1ass scintillator of 12.5mm thickness. The time-of-
filight spectrum of the transmitted neutrons was measured with a 4096 chan-
nel analyzer, with start signals based on the electron beam pulses.

The determination of a specific element in a sample was performed by
analyzing the energy and the net peak area of its regonance absorption,
with the aid of a modified Atta-Harvey code, using known resonance para-
meters in a nuclear data file of ENDF/B-V. To confirm the validity of this
analysis method, standard samples of steels and zluminum alloys were em-
ployed. The analyses of cobalt and so forth in stainless steel samples sup-

plied from different manufacturers were conducted as trial applications.

RESULTS AND DISCUSSION

The energy spectrum cf epithermal neutrons observed without any sample

_0'74m'2ev"1 on the whole, and the total neutron flux

-2
per pulse was estimated to be about 1.2 x 105m at the peosition of the

was preportional to E

detector.

I(59keV)

N R : a1 0 M £
5454

Figure 1 shows ex- = RUN NO.

10000, 10067

amples of neutron time-
8000

of-flight spectra for 8000

A

the c¢pen beam, and for

——

65000H -6000

the beams with SUS304

stainless steel samples

COUNTS PER CHFINNEL

4000} -14000

Mn(338eV)

of 5mm thickness, con-

- Co(132eV)

2000

taining known amounts 2600

of manganese and unkncwn

cobalt. Table 1 ghows a o T L L AR T
CHANNEL NUHSER
result of the analysis
of the game samples. Fig. 1 Neutron time-of-flight spectra.
The results of the de-
termination of manganese agreed well with the known values.
In a theoretical approximation, a detection limit of an element to be

analyzed, in the unit of weight fraction, is expressed as follows:

Y (S _ _n , _T oo Ng
b = Up p L B ' Ho = 75 AE A

where AC i1s the estimation error of net peak area count, p the sample den-
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Table 1 Results of the analysis of manganese and

cobalt in SUS304 stainless steel samples.

sample Mn abundance % Co abundance %
observed anal. observed anal.

A 1.03 + 0.04 1.07 0.195+£0.021 0.178

B 0.85+ 0.04 0.85 0.232+0.023 0.235

C 1.11£ 0.05 1.15 0.046 +0.018 0.051

D 0.82+ 0.06 0.84 0.167+0.017 0.161

gsity, L the sample thickness, B the background count in the peak region,
AE the energy width of the peak region used, ' the total width of the res-
onance, Ug the resonance cross section at the peak energy, Np is the Avoga-
dro number and A the atomic weight of the element.

The statistical error of AC will be roughly /EE'(in 1g) and
B = Boexp(—umo Y [ ig the mass attenuation ceocefficient of the sample ma-
trix at the energy of the rescnance. Then, the optimal sample condition to
minimize the statistical error comes to ump 2 = 2, which correspeonds to a-
bout a thickness of 1l4mm in the case of the steel samples in Fig.l. The

detection limit of cobalt in the steel in that c¢ondition is calculated as

V2

Aw = = 1 x 10‘5 (i.e.~10ppm}
0.809(Ng/A)plv/B
where gg = 1.0 x lOu barns(10_28m—2), Ng = 6 x 1023, A=5,9x 10—2 kg,
p =8 x 103 kg-m_3, g = 1.4 x 1072 o,
B = (e—2/0.5) x (1 x 103counts/channel) x (102 channels).

The figures in the above results and discussion show a great possi-

bility of the method of neutron resonance absorption.
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6.6 CONSTRUCTION OF A STABILIZATION SYSTEM FCR PHOTO-
MULTIPLIERS" GAIN USING A REGULATED LIGHT-EMITTING DIODE

Satoshi CHIBA and Fumio HIROKI™

Department of Physics, JAERI,
*Department of Engineering Service, JAERI

Introduction
Scintillation detectors are widely used in many fields of nuclear

measurements, combined with photomultiplier tubes (PMT) and register net-
works. Gain of a photomultiplier tube is, however, not stable against
several perturbations Tloaded on it: changes in counting rate, changes 1in
temperature and fatigue of the tube due to aging, etc. It is difficult to
recognize the gain change especially in measurements of neutrons using
hydrogenius scintillators, because there are no pronounced structures 1in

the pulse height spectrum of recoil protons.

In the present study, a system was designed and constructed to sta-
bilize the gains of PMTs by using a reference light produced from a light-
emitting diode (LED), whose output is also stabilized by an essentially
stabTe and drift-free photo-diode (PD)l).

Qverview of the system

A schematic diagram of the present system is displayed in Fig.l. It
consists of two loops: one is to stabilize the light power of an LED using
a PD, amplifier and a "LED Stabilizer", the other is one to stabilize the
gain of a PMT with a "H.V. Stabilizer", using the regulated LED 1ight. As
an example, a combination of RCA857%5 PMT, ORTEC 265 base assembly, & green
LED HLMP-1540 (YHP} and a PD G1116 (HAMAMATSU) was used in this work.

In the LED stabilization Toop, the LED is driven by the LED Stabi-
Tizer. This module produces rectangular current pulses of Tength of 1CO
to 1000ns, depending on a front panel switch. Output of the LED is ex-
tracted by a plastic optical fiber (ESKA Extra) of diameter 1lmm, and
divided into two portions by an optical divider. Then one branch is used
in the LED stabilization Toop and the other in the PMT loop. In the LED
toop, the branched light is detected by a PD, and converted to a voltage
pulse by a charge sensitive pre. amplifier, and it is subsequently
amplified to a certain voltage. This pulse is then fed into the LED Sta-
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bilizer. If this feedback pulse is less than a reference voltage, the LED
Stabilizer will increase the current that drives the LED, and vice visa.
In this way, the 1ight output from the LED is stabilized.

In Figs.2 and 3, dependences on the running time and temperature of
a non-stabilized and stabilized LED are shown. The output of a non-
stabilized LED has a strong dependence on temperature; the output power
varies from +20% to -13% in the range from 0 to 50°C. As in Fig. 2, the
light power of the LED also drifts depending on time. Note that this
nroperty is measured by keeping the temperature of the LED constant. By
using the presently constructed system, the LED output can be stabilized
to +0.5% as shown. in these figures, which will be stable enough for use as
a "reference" light.

In the PMT loop, this "regulated” reference light is detected by the
PMT concurrently with the scintillation 1ights made. by radiations. Only
pulses corresponding to the LED light is selected by a linear gate module,
and its output is fed into the H.V. Stabilizer. This module is inserted
between the PMT and a high voltage power supply and acts as a "variable
resistor". In this moduie, the input pulse is integrated with a time con-
stant of 3 to 10 sec. and is compared with a reference voltage. If this
feedback pulse is smaller than a reference volitage, this module decrease
its resistance, i.e., increases the current that is supplied to the
breeder resistors of the PMT, and consequently increases its gain, and
vice visa. By this loop, the pulse heights that correspond to LED's
reference 1ight is kept constant.

In Fig.4, the long term stability of the PMT is shown. It has been
obtained by measuring the 1.33-MeV gamma-rays from a 60¢o source by a
NaI(T1) scintillator. For this PMT, there is essentially no drift within
5-days operation even without stabilization. By changes of the counting
rate, however, the gain of. the non-stabilized PMT changes as much as +15%
at 3x104 (cps] as shown in Fig.5. Gain of the stabiiized PMT is, on the
contrary, stabilized to -0.9% change at this counting rate, which will be
tolerable in actual nuclear measurements. As a concliusion, by using the.
presently constructed system, the gain of a PMT can be stabilized to +1%,
during several-days' operation and counting rate range from 0 to 3x104

[eps].

Reference
1)W.L.Reiter and G.Stengel, Nucl. Instr. Methods, 173, 275(1980).
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(Mar. 31-Apr. 2, 1988).

T
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Noda, K., Ishii, Y., Chno, H., Watanabe, H. and Matsui, H.
Irradiation Defects and Ion Conductivity of Lithium Oxide.
Sym. on Fabrication and Properties of Lithium Ceramics,
American Ceramic Society in Pittsburgh (Apr. 26-30, 1987).
T

Noda, K., Ishii, Y., Matsui, H., Horiki, M. and Watanabe, H.
Radiation Effect on Ion Conductivity of Li,O.

Autumn Meeting of Atomic Energy Society of Japan in Sappero
{Oct. 2-4, 1987).

T

Noda, K., Ishii, Y., Matsui, H., Ohno, H., Hirano, S. and
Watanabe, H. _

Irradiation Dmage in Solid Breeder Materials.

3rd Int. Conf. on Fusion Reactor Materials in Karlsruhe (Oct.
4-8, 1987).

T V

Noda, K., Ishii, Y., Matsui, H., Ohno, H. and Watanabe, H.

A Study of Tritium Behavior in Lithium Oxide by Ion Conductivity
Measurements.

ist Int. Sym. on Fusion Nuclear Technology in Tokyo (Apr. 10-15,
1988).

T

Ohtsuki, T., Sueki, K., Hatsukawa, Y., Nakahara, H.,
Shinohara, N., Nagame, Y.

Low-Energy Nuclear Fissions of Actinide Elements.
Spring Meeting of Japan Physical Scociety in Koriyama
{apr., 1-3, 1988).

T
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Ohtsuki, T., Sueki K., Hatsukawa, Y., Nakahara, H.,
Shinohara, N., Nagame, Y.

Low Energy Nuclear Fissicon of Actinide Elements.

5th International Conference on Clustering Aspects in Nuclear
and Subnuclear Systems.

{Jul. 25-19, 1988).

T

Ootuka, A., Kawatsura, K., Komaki, K., Fujimoto, F., Kouchi,
and Shibata, H.

Molecular Effects in Al Kag Satellite Yields for H" and H; Ion
Impacts.

12th International Conference on Atomic Collisions in Solids

Okayama (Oct. 12-16, 1987).

v

Oshima, M., Minehara, E., Ichikawa, S., Iimura, H., Inamura,
Hashizume, A. and Kusakari, H.

Multiple Coulomb Excitation of 173Yb.

Autumn Meeting of Physical Society of Japan in Utsunomiya
(Sept. 27-Cct. 3, 1987).
T

Sekine, T., Hata, K., Nagame, Y., Ichikawa, $., Iimura, H.,
Oshima, M., Takahashi, N. and Yokoyama, A,

Decays of Neutron Deficient Isotopes of La and Pr.

The 31st Symposium on Radiochemistry in Fukuoka, (Oct. 13-15,
1987).

T

Sugiyvama, Y., Tomita, Y., Ikezoe, H., Ideno, K., Kato, N.,
Sugimitsu, T., Fujita, H. and Kubono, 5.

160+l44,148,1525m.

Quasi-Elastic Scattering for
Autumn Meeting of the Physical Society of Japan in Utsunomiya
(Oct. 1987).

T

~205—

e i s e

N.

in



JAERI-M 88-181

Sugiyama, Y.

Direct Reaction Induced by Heavy-Ion at Tandem Energy Region.
Symposium on Direct Reaction and its Dynamics in Heavy-Ion
Induced Reactions, INS, University of Tokyo (Mar. 18, 1988).
T

Sugizaki, Y., Sataka, M., Kawatsura, K. and Nakai, Y.
Time-of-Flight Measurement of Multiple Ionization Cross Section
in Heavy Ion-Ne Collision,

Annual Meeting of the Physical Soiety of Japan in Koriyama
{March 31 - Apr. 3, 1988}.

\%

Takeuchi, S., Ishii, T., Ikezoe, H. and Ohkubc, M.
Development of JAERI-Tandem Superconducting Booster.

Proc. of The 12 the Linear Acc. Meeting in Japan, Tokai (1987).

Takeuchi, S.
Supercenducting Resonators for Heavy Icon Booster at JAERI,

Third Japan China Joint Symposium, Wakoe (Nov. 18-20, 1987).

Yamanouti, Y., Sugimoto, M., Furuta, Y., Mizumcte, M.,
Hyakutake, M. and Methasiri, T.

Elastic and Inelastic Scattering of 13 MeV Neutrons from llB.
Autumn Meeting of the Atomic Energy Society of Japan in Sapporo
(Oct. 2-4, 1987).

T

Yamanouti, Y., Sugimoto, M., Furuta, Y., Mizumoto, M.,
Hyakutake, M. and Methasiri, T.

llB(n,n) and (n,n') Reactions at 13 MeV,

Annual Meeting of the Physical Society of Japan in Kohriyama
(Mar. 31 - Apr. 3, 1988).

T
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Department of Physics

Accelerators Division

Scientific Staff

Technical Staff
{ Tandem, V.D.G.)

Technical Staff

{Linac)

JAERI-M 88-181

(1) Personnel
Naomoto Shikazono Director
Yoichi Suto Administrative
Manager
Chiaki Kobayashi*
Shiro Kikuchi
Suehiro Takeuchi
Eisuke Minehara
Susumu Hanashima
Isao OChuchi
Yutaka Sato
Tadashi Yoshida
Susumu Kanda
Katsuzo Horie
Satoshi Tajima
Yoshihiro Tsukihashi
Shinichi Abe
Shuhei Kanazawa
Katuo Mashiko**
Yukio Nobusaka
Tokio Shoji
Nobuhiro Ishizaki
Hidekazu Tayama

Nuclear Physics Laboratory

Scientific Staff

Mitsuhiko

* Head, Accelerators Division

** Leader, Technical Staff

Ishii***

*** Head, Nuclear Physics Laboratory
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Nuclear Physics Laboratory

Scientific

Staff

Linac Laboratory

Scientific

Solic State

Scientific

Solid State

Scientific

* Head,

Sstaff

Physics Laboratory I

Staff

JAERI-M 88-181

{continued)
Yoshiaki Tomita
Yasuharu Sugiyama
Akira Iwamoto
Kazumi Ideno
Hiroshi Ikezoe
Masumi Ohshima
Tetsuro Ishii
Michiaki Sugita
Yuuki Kawarasaki¥
Makio Ohkubo
Motoharu Mizumoto
Yoshimaro Yamanouchi
Masayeshi Sugimoto
Satoshi Chiba

Yukio
Hiroshi
Hiroshi

Shigemi

Kazumata**
Naramoto
Tomimitsu

Sasaki

Physics Laboratory II

Staff

Tadao
Saburo
Hiroshi
Mitsuo
Teruo
Akihiro

Terufumi

Linac Laboratory

Iwata***
Takamura
Maeta
Watanabe
Kato
Iwase
Yokota

** Head, Solid State Physics Laboratory I

**% Head,

—210—

Solid State Physics Laboratory II



JAERI-M 88-181

Sclid State Physics Laboratory III

Scientific Staff Masanobu Sakamoto

Atomic and Molecular Physics Laboratory

Scientific Staff Yohta Nakai*
Kiyoshi Kawatsura
Masao Sataka
Yasuaki Sugizaki

Department of Chemistry

Nuclear Chemistry Laboratory

Scientific Staff Tadashi Yamamoto** (Tc September 1987)
Michio Hoshi** {From Octocber 1987)
Shin-ichi Ichikawa
Nobuo Shinohara
Hidenori Iimura
Yoshii Kobayashi

Analytical Chemistry Laboratory
Scientific Staff Yuji Baba

Toshio Suzuki

Physical Chemistry Laboratory
Scientific Staff Mutsuhide Komaki

Jiro Ishikawa

Solid State Chemistry Laboratory
Scientific Staff Kazuhiko Izui***

Shin-ichi Ohno

Teikichi Sasaki
Shigemi Furuno
Takeshi Soga

Katsutoshi Furukawa

Kiichi Hojou
* Head, Atomic and Molecular Physics Laboratory
** Head, Nuclear Chemistry Laboratory

*** Head, Solid State Chemistry Laboratory
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Department of Radioisotope Production

Production Development Division

Scientific Staff Sumiko Baba
Hiromitsu Matsuoka
Kentaro Hata
Toshiaki Sekine
Yuichiro Nagame
Takami Sorita
Mishircku Izumo
Department of Fuels and Materials Research
Physical Metallurgy Laboratory
Scientific Staff Akimichi Hishinuma#*
Takeo Aruga
Shozo Hamada
Tomotsugu Sawai
Kenji Suzuki
Katsumaro Fukai
Fuel Property Laboratory
Scientific Staff Hitoshi Watanabe**
Kenji Noda
Yoshinobu Ishii
Function Materials Laboratory
Scientific Staff Hideo Ohno**#*
Takanori Nagasaki
Yoshio Katano

Department of Reactor Engineering

Reactor Instrumentation Laboratory

Scientific Staff Eiji

Sakai (To January

* Head, Physical Metallurgy Laboratory
** Head, Fuel Property Laboratory
*¥%*% Head, Function Materials Laboratory
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Department of Health Physics
Technical Staff Shoji Izawa¥*
Toshihiro Miyamoto

Katsunori Sawahata

* Chief of Radiation Control Group, Department of Health
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{2) Tandem Steering Committee

(Chairman) Kazumi Iwamoto {Deputy Director General,
Tokal Research Establishment)
Yoshihiko Kaneko (Deputy Director, Department
of Reactor Engineering)
Tatuo Kondo {Director, Department of Fuels

and Materials Research)

Naomoto Shikazono (Director, Department of
Physics)

Enzo Tachikawa (Director, Department of
Chemistry)

Masatoshi Tanaka {Director, Department of

Thermonuclear Fusion

Research)
Eiji Shikata (Director, Department of
Radicisotopes)
(Secretary) Chiaki Kobayashi {Head, Accelerators Divisiocon)
(Secretary) Yoichi Suto (Administrative Manager,

Department of Physics)
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{Chairman)
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(3) Tandem Cconsultative Committee

Toyojiro

(Vice Chairman) Kazumi

(Vice Chairman)} Naomoto

{ Secretary)

{ Secretary)

Fuketa

Iwamoto

Shikazono

Hiromichi Kamitsubo

Nakai

HiroyasuEjiri

Shiori

Hiroyuki

Kohzoh

Shiro

Ichiro

Kenji

Naohiro

Chiaki

Yoichi

Ishino

Tawara

Masuda

Iwata

Fujiwara

Sumita

Hirakawa

Kobayashi

Suto
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(Director General, Tokai
Research Establishment)
(Deputy Director General,
Tokai Research Establishment)
(Director, Department of
Physics)

{Principal Scientist,
Institute of Physical and
Chemical Research)
(Professor, National
Laboratory for High Energy
Physics)

(Professor, Osaka University)
(Professor, University of
Tokyo)

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

{ Professor, University of
Tsukuba)

(Professor, Kyoto
University)

{ Professor, Otemon Gakuin
University)

{ Professor, Osaka
University)

(Professor, Tohoku
University)

(Head, Accelerators
Division)

{Administrative Manager,

Department of Physics)



{Chairman)
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(4) Tandem Program Advisory Committee

Naomoto

Hirokazu

Shoji

Hitoshi

Tadashi

Yohta

Mitsuhiko

Yuuki

Chiaki

Shikazono

Umezawa

Izawa

Watanabe

Yamamoto

Nakai

Ishii

Kawarasaki

Kobayashi
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{Director, Department of
Physics)

{ Deputy Director, Department
of Radicisotopes)

(Chief,
Group,
Health Physics)
(Head,

Laboratory,

Radiation Control

Department of

Fuel Property
Department
of Fuels and Materials
Research)

(Head, Nuclear Chemistry
Laboratory, Department of
Chemistry)

(Head, Atomic and Molecular
Physics Laboratory,
Department of Physics)

(Head, Nuclear Physics

Laboratory, Department of
Physics)
(Head, Linac Laboratory,

Deparrment of Physics)
{Head, Accelerators
Division, Department of

Physics)
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Title

Radiative Electron Capture in

Heavy Ion and H, Collisions

2
X-Ray Emission from Foil-

Excited Silicon Beams

Beam-Foil Spectra of Chlorine

Ions in High Energy Region (V)

Radiation Annealing in Nickel
and Copper by 100 MeV lodine

Irradiation

Depth Dependence of Isochronal
Annealing Process in Fe

Irradiated by Cl Ions

Microstructure and Mechanical
Properties of Ion Irradiated
Fe-12%Cr-15 to 30%Mn Alloys

Effect of Irradiation Damage

en Ion Conductivity of Li20

Irradiation Damage Studies of

Ceramic Materials

Effect of Heavy Ion Irradiation
on Negative Thermal Expansion

in Gap Simngle Crystal

C. Induced Fission of 233U,

235U and 238U.

Complex Fragment Emission from

the Compound Nucleus l05Ag
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Co-Operaticon Institution

College of General Education,

The University of Tokyo*

College of General Education,

The University of Tokyo*

Department of Engineering
Science, Kyoto University;
College of General Education,

The University of Tokyo*

Faculty cof Engineering,

Ibaraki University?*

Faculty of Engineering,

Ibaraki University*

Faculty of FEngineering,

Nagoya University*

Faculty of Engineering,

Nagoya University¥*

Faculty of Engineering,

Nagoya University*

Faculty of Engineering,

Tamagawa University¥*;

College of Liberal Arts and
Sciences, Okayama
University*

Faculty of Science, Osaka
University®*

Faculty of Science, Osaka
-University¥*;

Faculty of Science, Tokyo

Metropolitan University
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Mass Distributions of the

Fission Fragments of 233U+p,

237Np+p and 239Pu+p

ftdentification of A New

121La by Means of

Isotope of
Element-Selective Mass
Separation

122,124,126
La

Decays of and

128'130Pr and Properties of
the Low Lying States of Their

Daughter Nuclei

Isolation of Short-Lived
Nuclides with a Helium-Jet
Recoil-Transport System and
SISAK

Nuclear Structure of Sn106

G-factor of the 10+ Isomer in
Ngl 34

Electromagnetic Transition
Probabilities for Natural-
Parity Rotational Bands in

173¢p ana °7cb

Multiple Coulomb Excitation of
148,150Nd

Quasi-Elastic Scattering for
16O+144'l48'1528m Near The

Coulomb Barrier

Effect of the Shell Structure
on the Potential BRarrier for

the Subbarrier Fusion Reaction

Scattering of 13 MeV Neutrons

from 11B.
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Faculty of Science, Tokyo

Metropolitan University

Faculty of Science, Osaka
University?*
Faculty of Science, Osaka

University™*

Faculty of Science,
The University of Tokyo;

Otemon Gakuin University*

Tokyo Institute of
Technology¥*

Tokyo Institute of
Technology*

The Institute of Physical

and Chemical Research

The Institute of Physical

and Chemical Research

Kyushu University¥*;

INS, University of Tokyo

Department of Physics,

Tohoku University

Kyushu University?¥*;

Faculty of Engineering
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6.4 Measurements of Gamma-Ray Tokyo Institute of

Production Cross Sections Technology¥*

* Travel Expenses are supplied by JAERI
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