JAERI-M
- 85-104

JAER! TANDEM, LINAC & V.D.G.
ANNUAL REPORT

1984

April |, 1984 —March 31, |885

July 1985

Deparment of Physics

B ®* R ¥ hH & ® m
Japan Atomic Energy Research Institute



JAERI-M b #-- | 12, BABEFHFERHFTEMCSH L T HEREETT,

AZHRMNHAE, ARETHHESHRERMEEERT (T30 1IBMBH AR Rd25]) -
BT, BELILCI S v, B, IO CHERARFESER L F— (T3 11
ISR AT H A F AR TEHEC L AEEENFE L TED &7,

JAERI-M roports are lssued uregularly.
Inquiries anoul avallabilty of the reporls should be addressed to Information; Division, Department
of Techrical Information, Japan Azomic Energy Research Institute, Tokai—mura, Naka-gun,

Tharaxi-ken 319-11, Japan.

@ Japan Atomic Energy Research Institute, 1985

HEERIT B ARG 77 8RR
£yl i) B v B R ER R 2



JAERI-M 85-104
JAERI TANDEM, LINAC & V.D.G.

Annual Report

1984

April 1, 1984 - March 31, 1985

Department of Physics
Tokai Research Establishment, JAERI

( Received June 26, 1985 )

This annual report describes research activities which have been
performed with the JAERI tandem accelerator, the electreon linear
accelerator and the Van de Graaff accelerator from April 1, 1984 to
March 31, 1985. Summary reports of 53 papers, publications, personnel

and a list of cooperative researches with universities are contained.

Keywords: JAERI TANDEM, e-LINAC, V.D.G., Atomic & Solid State Physics,
Material Science, Nuclear Chemistry, Nuclear Physics, Neutron

Physics, Annual Report

Editors Naomoto Shikazono
Masashi Iizumi
Mitsuhiko Ishii
Yuuki Kawarasaki
Michio Maruyama
Biroshi Okashita
Kunio Ozawa

Yoichi -Suto



JAERTI-M 85-104

By Y7o, V2T o, Svs4 5 7 NESNOEEFRERE
BARFHH L EEH R ER

(198576 A 26 HZH)

EERBE L, BB sy 74, V=T 2 RUNYFS 5 7NRET, 1984F 44 1H
5 1985 3A30 : TOMIEBFTITONANMRAFBTEZ LD E LD LD TH L,

1) pESEs LMARAE. 2 BEFRUOEEHE,. 3D MHEORH&EE. 4 Hi
208 KWE RU6) thiETEO 6 HMACE A AR ORIRE . AR Sk,
M LrRBRURELOBIAMEDO ) A rENEL TS,

GamE) WBE EE-SR OB SE-AREEE- L AX-BT kR EX-
Z B



JAERI[-M 85-104

Insulating Column Structure in the

Tandem Pressure Vessel

(i)



JAERI-M 85-104

PREFACE

This annual revort covers the research works performed with the
tandem accelerator, the electron linear accelerator and the Van de
Craaff accelerator during the period from April 1, 1984 to March 31,
1985. All the accelerators were in good condition during the past one
year as before.

A majority of the research works have been carried out with heavy
jons accelerated by the tandem accelerator. The electron linear
accelerator has been used mainly for measurements of neutron cross
secticns in the medium energy region. Some works on atomic and solid
state physics have been carried out at the Van de Graaff accelerator.

The subjects of our research activities are as follows:

1) Atomic and solid state physics
2) Radiation effects in materials
3) Nuclear chemistry

4) Nuclear physics

3) Neutron physics.
Tn the period, more than 70 staff members of JAERI have worked in

the five fields of researches, and about 100 colleagues of universities
and institutions outside JAERI have joined and collaborated in these
studies. Some theoretical studies related to the subjects and the
developments in the accelerator technology including a preliminary study
of a superconducting cavity for a tandem booster are also reported.

A joint sem'nar on atomic physics, solid state physics and material
science in the energy region of tandem accelerators was held at Tokai
Research Establishment of JAERI, January 9-11, 1985 and several

experimental results described in this annual report were presented in

the seminar.

Aol Blodsg O

Naomoto Shikazono
Director,

Department of Physies

(v)
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1.1 TANDEM ACCELERATOR OPERATION

Tandem Accelerator Group

Department of Physics, JAERI

Accelerator operation

The scheduled operation for experiments was performed through the past

one year containing three short periocds for the scheduled maintenance,

The

following are summary of the cperation from April 1,198L4 to March 31, 1985,

1)

Time distribution by terminal voltage
16-17 Mv 28 days 19.2 % 10-11 MV 24 days
15-16 18 12.3 9-10 T
14-15 L1 28.1 8- g 1
13-14 S 5.2 T- 8 3
12-13 9 6.2 h-5 4
11-12 2 1.h
Time distribution by prpjéctile
D 23 days 15.7 % Ni 3 days
B 1 0.7 Se 1
C 19 13.0 Br 2
0 43 29.5 Te 1
F 2.0 I 2
51 1 0.7 Au 2
S 20 13.7 Bi 1
Cl 2l 16.4
Time distribution by activity
Operation for research 149 days
Atomic and solid state physics 19
Radiation effects in materials 19
Wuclear chemistry 2L
Nuclear physics 52
Fast neutron physics 24
Accelerator development 11
Voltage conditioning h@
Operation training 6
Scheduled maintenance (3 tank openings) 102
Unscheduled repair (1 tank opening ) T
Holidays and vacatlion . 61

14.

1i1.

28.

16.
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Tank openings

The zccelerator was opened three times for the scheduled maintenance
and once for the unexpected repair in the pericd.
1) May 9-June 21, 1984 -
Scheduled maintenance.
Improvement of the negative ion injector.
2) July 17-23, 1984
Unscheduled repair.  Repair of themechanical jolnt between the
- rotating shaft and the 10 KVA terminal generator.
3) October 12-November 6, 198L
Schduled maintenance.
Trial of the hydrogen discharge cleaning for the sccelerating
tubes in the lowest T MV modules.
Repair of the mechanical joint between the rotating shaft and the
15 KVA terminal generator.
4) February 22-March 26, 1985
Scheduled maintenance.
The second hydrogen discharge cleaning for the accelerating tubes

in the lowest 7 MV modules.

Improvement and development

The 350 KV negative ion injectof was improved to perform simultaneous
operation of the plural ion sources, 1o ensure reliable operation of the
terminal devices, and to assure saféty of maintenance crew in the terminal.
It has been confirmed through the accelerator running after the improvenment
that these purposes were achieved as expected.

An automated control of the accelerator is being develcped to save Op-
erator manpower and to offer more efficient machine times to experimentors.
An automatic setting of the operating parameters is recently getting usable
by the scaling method in which a desirable parameter set for new ion and en-
ergy is calculated from the stored reference parameter set.

The hydrogen discharge was tried to improve the voltage holding of the
tubes. The discharge current, time, hydrogen pressure and flow rate were 8
A, 5 hours, .03 Torr and .1 atm-cma/sec, respectively. In the ?Znd trial,
lewer current 2.5-5.54 and higher flow rate .25 atm.cma/sec were used. The
tube conditioning has been intermittently carried out through the scheduled

running. Any definite result, however, has not been got yet.
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1.2 AN EXTENSION TO THE 350KV NEGATTVE TON INJECTOR
FOR THE JAERT TANDEM ACCELERATOR

Eisuke MINEHARA, Tadashi YOSHIDA, Shinichi ABE,
Shuhei KANAZAWA, Katsuzo HORIE, Yoshihiro TSUKIHASHI

and Susumu HANASHIMA

Accelerators Division, Department of Physics, JAERI

We have accelerated various heavy ions for a very short interval of

about one or two days on the average during the scheduled operation.

Such runnings of the ion sources forced us to start them up rapidly and

to cool them down suddenly, and resulted in frequent malfunctionings,

short lifetimes,

sources. In addition, reliability of all devices in the 350 KV negative

lesser current intensities, and instabilities of the ion

ion injector had not been satisfied, and personal safety of the operation

crew had not been insured completely in the injector platform since the

installation of the accelerator.

In order to remove these

defects, an extension to the

injector has been constructed

and tested recently.

1)

Purpose of the extension is

described as follows:

(1

(2)

(3)

items, we added another high voltage

to increase reliability -of
all devices in the injector,
to exclude completely any
unsafe operation in the
injector, and

simultaneous operation of

plural ion sources.

In order to realize these three

platform, developed several devices

and improved most of devices used in

the old injector.

The extended injector

ALR

OLD INJECYOR
POLYE THYLENE] 7‘.}1@’ L iRonpH0I|
INSULATED : |
CaBLE
A
oo -
S EXTENSION }—
3100
L. 91y
CONDITIONER
DOGH DOOR
: o]

Arrangement of the

Fig. 1

extension, old injector,

isclation transformer in the

ion source room,

was arranged in the ion source room as illustrated in fig. 1.
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What we had done are as follows:
(1) a platform having about 9m2 rectan-—

gular area added to the circular CASTING COVER
HOOP

old platform as shown in fig. 2,

(2) an epoxy resin and SF6 gas insu-

lated high voltage isolation trans

former (ITX) as shown in fig. 3,

(3) electrostatic shielding sheets,

cages and ducts against high veltage

racks, the ion sources and high

voltage cables,

(4) an independent set of turbomolecular
vacuum pump station for each ion Fig. 2 Extended injector.
source beam line,

(5) an independent set of high

voltage and low voltage power

supplies for each iomn source, 4 é 0 'R
; 4

{6) four independent sets of ion K , (1\# = i
source gas metering system, ff'/f7ljﬁl
B!

10

and a warning and gbsorbing

system of poisonous gas, and

{7) expansicn of control system {w

for simultanecus running of [F>\ 5fij e —

the four ion sources.

The maximum voltage of the improved Fig. 2 Epoxy resin and
injector was observed to be 300 KV, and SF6 gas insulated high
it was confirmed that the new configuration voltage isolaticen trans-
of the injector did net deteriorate the former.

voltage performance seriously. The ITX

has been working with no treuble since the

installation. The vacuum system has been working continucusly with no
trouble for about ome year. Before the expansion of the injector control
system, its reliability and accuracy were not satisfactory. UNow we can
read and control precisely all parameters. All devices at high vcltage
were completely covered with grounded metal sheets or ducts, or plastic
sheets except for the ion sources. Therefore, we could greatly reduce the

possibilities that the operation crew working on the platform were seriously
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injured by recelving electric shocks.

we are using three negative ion sources (a negative sputter source,
a heinicke penning source with radial extractien, and a direct extraction
duoplasmatren source}. Even when one of the Jon sources feeds ion beams to
the accelerator, we can tune the others. Thus, it takes only a few minutes
to switch ion sources with encugh and stable current. As it has net been
necessary to prepare and to tune them up rapidly, the ion scurces condition
have been usually experienced to be very stable. Available currents of
most ions have been recently found to become several tens % tc a few hundred
% higher than before. The interval of the ion sources became longer to some
extent than before, After the extended injector became available, we have
been able te run the whele injecter system very steadily, and have had few

troubles concerning about the items of extensiom.

Reference:

(1) FE. Minehara, T. Yoshida, S. Abe, S. Kanazawa, S. Hanashima, K. Horie
and Y. Tsukihashi: Proc. 5th Symp. on Accelerator Science and

Technology, Tsukuba, Ibaraki, September 26-28, 1984, pp. 422-424.



JAERI-M 85-104

1.3 PRODUCTION AND ACCELERATION OF TELLURLIUM AND
NITROGEN IONS AT THE JAERI TANDEM ACCELERATOR

Eisuke MINEHARA, Tadashi YOSHIDA, Shinichi ARE,
Shuhei KANAZAWA, Chiaki KOBAYASHI, Susumu KANDA
and Susumu HANASHIMA

Accelerators Division, Department of Physics, JAERI

lons of 130Te and laN have been successfully accelerated by the
JAERT tandem accelerator. Negatively charged atomic and melecular ions of
them were obtained from a negative ion sputter scurce (NISS as an abbre-
viation) and a Heinicke penning ion source with radial extraction (HPIG),
respectively. Detailes of the ion sources were already reported in the
previous papers.l’z)

Powder cones of ZnTe, CdTe and PbTe which were fabricated by using
cellulose binders were tested and found to be usable. The cone of PbTe was
applied to accelerate a Te ion beam. Several kinds of gas mixtures contain-
ing carbon and nitrogen were tested to know how much current of CN  ion
we could get from them, and how stable and how long they worked.

A B66% CF4 and 34% N2 gas mixture was celected after this test, and
applied to accelerate & nitrogen ion beam because this mixture is safer
than other gas mixtures. As this gas mixture is not only nonflammable but
azlso nonpoisoncus in the contrary to the gas mixtures containing CH4
and NH3 gases, we can handle them very safely.

Typical results are shown in table 1 and 2. Table 1 contains typical
parameters of the ion scurces, negative lon currents and ion source

materials. Typical beam current, final energy, charge state and sc on are

summarized in table 2.

References

1) E. Minehara, S. Abe, C. Kobayashi and S. Kikuchi: Proc. 4th Symp. on
Ton Sources and Ion Application Technology, Tokyo, June 24-26, 1981,
p. 261.

2) S. Abe, E. Minehara, C. Kcbayashi and S. Kikuchi: Proc. 6th Symp. on
Ton Sources and lon-Assisted Technology, Tokyo, June 7-9,1982, p. 185.
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1 Typical parameters of the ion sources, negative

ion currents and ion source materials

Ion source NISS NISS NISS HPIG HPIG
Beam species Te Te Te CN CN
Negative Ion 1200nA 2000nA 1100nA 2000nA 4000nA
Current
Ion Source CdTe ZnTe PbTe 66ZCF4+ 50%CH,+
Materials 34%N2 SOZNﬁ3
Extraction 25KV/.3mA  25KV/.4mA  25KV/.5mA  —- -
Voltage/Current
Acceleration - - - 25KV 25KV
Voltage
Einzel Lens 18.8KV 19.0KV 18.8KV — -
Voltage
Focus Voltage |13.5KV 13.5KV 13.4KV 5KV 3KV
Ionizer Voltage|5.8V 5.9V 5.8V - -
Oven Current 0.18A 0.19A 0,174 - -
Source Pressure|-- - —_— 400 micron 500 micron
System Pressure 9'-’*10-7 8*10_7 9*10_7 7'-"10—6 8*10_6 Torr
Table 2 Beam Currents and operational parameters
of the tandem accelerator
Beam Current
Atomic Number/ Ton Source Negative Charge Ion Source/ Final
Element | Mass Number Material Ion State Analyzed Energy
Te 52/130 PbTe Te~ 137 1100nA/10pnA  190Mev
- +

N 7/14 CF,*N, CN 5 1000nA/60pnA  80MeV
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1.4 CONTROL SYSTEM FOR JAERI TANDEM ACCELERATOR
Susumu HANASHIMA, Eisuke MINEHARA, Isao QHUCHI, Katsuzo
HORIE, Shuhei KANAZAWA, Susumu KAKDA, Tadashi YOSHIDA and
Yoshihiro TSUKIHASHL

Department of Physics, JAERL

1. Development of automated accelerator control

In the previous report, we have reported about computer aided
automated parameter setting for JAERI tandeml). In the method, a set of
parameters that provides enough beam transportation for some ion beam is
used as reference. The set of parameters for new ion beam are calculated
to give the same optical effect to the new ion beam as the reference.
Tests of the method( we call it scaling method } were continued and
expanded. A computer program for the parameter setting have been expanded
to transport molecular ion beams from negative ion injector. Many kinds
of ion beams were transported by the method. In the tests, it has been
demonstrated that even a faint beam can be transported through the tandem
in a few minutes by the scaling methed. It is because the method dces not
need monitoring of beam current for the parameter setting. The scaling

was used for acceleration tests of new kinds of ion beams. We will use

the method for daily operation of the tandem.

2. Modification of the system for an expansion of the negative ion

injector

Negative ion injector of the tandem have been expanded. Modificatien
of the control system was needed for the new injector.

With the expansion of the Injector, many objectives of control and
monitoring{ we call them beam line compcrnents ) were added and several
beam components were modified. Many data in the program of the control
system have been modified. In the work, a method of management of these
data has been changed for easier and more reliable maintenance. In the
new method, a directory of the beam line component 1s used as primary
data and all the data program and all pointers in the sub-medules of the
control program are generated from the directory threcugh generation
programs or pre-processor for the source cede of the modules. Usual

maintenance of data is made only on the directory and there is no
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duplication in the primary data, Thus, integrity of the data is
maintained,

Several CAMAC modules have been relocated in a CAMAC crate on the
injector deck. New type of CAMAC module for an analog light link system
was developed and has been used. The module is used te contreol devices on
high potential decks. Signals are transferred through plastic fibers as
frequency of light pulses and electrical isolation is maintained, In the
module, conversions between frequency and digital value are made with PLL
frequency synthesizer or frequency counter. We call the module D/F-F/D
module. The medule has 5 control channels and 8 meonitoring channels in a
single width CAMAC module. The optical fiber connectors are directly
connected to channels in the medule, Voltage to frequency(V/F) and
frequency to voltage(F/V) conversion technic is utilized in a module on
the high potential deck of the link. It was also rebuilt. Compared with
the previous light link system, reliability and accuracy have been

3)

greatly improved in the new system

4. Improvement of accuracy of devices

Improvement of accuracy of beam optical elements is inevitable for
computer aided beam transportation. New type of analcg isolaters for
control of electro-magnetic devices are developed and all module previ-
cusly used have been replaced with the new ones to improve the accuracy.

A prototype of new current logarithmic amplifier for monitoring of
beam current was made, It was tested in the accelerater system and good
results were obtained. It can measure small current of up to 10 pA with

good long term stability.

5. Optical serial highway for the injector

One serial highway loop has been added to the control system and
dedicated for control of the injector. Thus, cvperation of the injector
has become free from troubles of communications around the main accelera-
tor. For the loop, an cptical highway system has been used for better
surge immunity and greater band width. Commercially available U-port
adapters(model 5211, Lecroy, U.S.A.) have been used. Transfer rate of
data is 5 M bytes per second. The optical fiber used is a graded index
type silica fiber with core diameter of 50 micro meters, clad diameter of
125 micro meters, band width of 200MHz+¥Km and numerical aperture of

0.2(GC*50/125+3002, Fuzikura, Japan). Figure 1 shows cross section of the
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fiber cord, The fiber cord gives electrical isclation between the deck of
the injector and ground. Usually, the deck is biased up -200 KV from

ground potential,

6. High voltage tests of an optical fiber

The optical fiber used in the injector highway was put through the
column structure of the tandem and high voltage tests were made. At
first, complete cord with PVC sheath was tested. Next, line element
without PVC sheath and tension member was tested. The cord could not
withstand high voltages in both cases. We will examine other types of

fibers.

PVC sheath ~—_| Glass fiber

Tension member Buffer layer

(Kevlar fiber) E\j;j

(soft plastic)

Polyamide

Line element

o

Fig.1 Cross section of optical
cord(GC+50/125-3002).

References
1) S. Hanashima et al. : JAERI Tandem Annual Report 1983, JAERI-M 84-129

(1984) pp. 10-11.

2) S. Hanashima et al. : Proceedings of the 5th Symposium on Accelerator
Science and Technology (1984) pp. 420-421.

3) §. Hanashima et al. : Proceedings of the 5th Symposium on Accelerater

Science and Technology (1984) pp. 425-427,
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1.5 DEVELQPMENT OF TI0ON OPTICS COMPUTER CODE
Shiroh KIKUCHI, Suehiro TAKEUCHI and Fisuke MINEHARA
Department of Physics, JAERL

A computer code BEAM has been developed for the ion optics calculaticn
of the tandem accelerator system. The one of the aims of the code is to
obtain the optimum parameters of the devices, especially those for the magne-
tic and electrostatic (Q-lenses, at the tandem operation. The other is to see
the aspect of the beam trajectory visibly on a picture display.

The calculation is performed by using a VAX-11/780 computer equipped
with the picture display, which is set for the data analyzing computer system.
An example of the results is shown in Table 1 and Fig. 1. The output para-
meters in Table 1 are cbtained by using the input parameters, typed in from
the computer terminal, and the device configuration list housed in a disk as
a file. The parameters for the magnetic (Q-lenses are tentatively represented
in units of ampere-turn.

Fig.l is the display of the beam trajectory calculated by using the
parameters shown in Table 1. The beam line, actually curved by bending
magnets, is depicted as a stretched straight line. The directions X and
7 indicate those of horizontal and vertical, respectively, at the starting
point of the traveling of the ion beam. The axis S5 1is so chosen that it
coincides with the beam axis. The symbols Ll and [t with the respective
names show the lengths and aperture gaps of individual devices. Those without
names indicate accelerator tube units of the bottom, middle and top sections.

The trajectory shown is the envelope of 160 beam with the final energy
of 50 MeV. Such a relatively low energy beam requires low terminal voltage,
accordingly small potential gradient, in the accelerator tube. Since the
small potential gradient weakens the beam focusing effect, seven units in
the top section, in the present example, are shorted to make it larger.

Detailed improvement of the code is still now in progress,
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Table 1

R Yo odk g ik ok ke gk T de K e dp g ek e e ke ok ok ok ke e &

Negative particle-mass (in a.m.u.)
Positive particle=mass (in a.m.u.)
Atomic number of the particle
Final particle anergy
Ion source
Stripper
Z2am Line
Initial beam: rx_max, rz_max
drx_max, dri_max
initial energy
Praz~gccele2ration voltage
Terminal voltags Llimit / unit
Shorteg unit
khkhk ok hh Ak khkkahkwnxkkrnkrhnkr JUTEFUT *=x
Terminal Voltags
Woltage per tuba-unit
Charge state
23-01-1 Gap_X
Gap_Z
55-02-1 Gap_¥%
Gap_{2
08-03-1 Gap_X
Sap_2
£e=-01-1 Tlement 1,3
" 5
Ea=-02-1 Tlement 1,3
" 2
ER=-21-1 Flement 1,3
" 2
Ta=TL-1 “Tlemant 1,3
” j
Z3=TH=1 Slement 1,3
" »l
Z3=-TA-2 Element 1,3
" 2
EQ=-D1-2 Tlement 1,3
1) 2
Ma-03-1 Flement 1,3
n 2
MA=G4-1 Element 1,3
" 2
MA-L4é-1 Element 1,3
” '}
gM=11-1 Fietd strength
BM=-01-1 Fislog strength
EM-TL-1 Fiald strength
BM=04-1 Field strength
BM=04-2 Field strength
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Fig. 1 Display of the beam trajectory and the device configuration of

the tandem accelerator system. Meanings of the device names are:

BM-
DS-
EQ-
MQ-
ST-
Va-

bending magnet
double slit
electrostatic Q-lens
magnetic Q-lens
stripper

variable aperture.

w
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1.6 DEVELOPMENT OF SUPERCONDUCTING Ri CAVITY
FOR HEAVY ION BOOSTER

Suehiro TAKFUCHI and Naomoto Shikazono

Department of Physics, JAERT

RF superconductivity has become useful accelerator technology for
heavy jons, since Argonne National Laboratory and Stony Brook (State
University of N.Y.) successfully developed superconducting split-ring
resonators using nicbium and lead-plated copper, respectively as the
superconductor. At present, quarter wave line rescnators are being
vigorously developed at many laboratories, stimulated by the work of
Ben-Zvi and Brennan at Stony Brookl). Combining the superiority of
nicbium to lead-plated copper as the RF superconductor and good
electrical and mechanical properties of quarter wave line resonator,
niobium quarter wave line resonators seem to be the most promissing
choice for superconducting heavy ion accelerating cavities. In fact, a
record-high accelerating field of 4.7 MV/m was cbtained with a niokium
quarter wave line resonator at ANL in early 19842). The authors,
therefore, decided to develcp a niobium cuarter wave line resonator for
the heavy ion boosting linac proposed for the JAERI tandem accelerator,

The following were done in fiscal year of 1984 In order to start
the development. A test cryostat 66 cm in diameter and 150 cm high was
made. Tt has a 33 liter liguid helium dewar and a room 57 cm in diameter
and 87 cm high under the dewar for a resonator to be tested. A test RE
circuit with phase lock loop was constructed. Niokium materials for
two resonators were prepared. Niobium-copper plates for the cavity
housing were explosively bonded by a domestic company. The purity is
modestly high as RF superconductor. A trial of meking a quater wave
line resonator using the materials has not be done yet. A normal-
conducting quarter wave line model resonator was made and the electric
and magnetic fields were measured after the resonant frequency was
tuned to 128 MHz by adjusting the length of the center conductor. The

properties cbtained with the model are shown in Table 1. The transit
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time factor, efficiency of acceleration, is shown in Fig. 1. It can be
seen that heavy ions, over wide range of ion velocities, can be
accelerated with high acceleration efficiency. The optimum ion velocity

is 0.1c, where ¢ is the light velocity. The resonator desicgned is

illustrated in Fig. 2.

Table 1 Properties of a quarter wave line resonator.

Resonant Frecuency 128 MHz
Optimum Velocity BO(=vo/c) . C.1
Transit Time Factor at BO:O.l 0.9
RF Stored Energy/Eaz* 0.04¢ Joules/(MV’/m}2
Peak Surface Fields/Ea*
Electric ' 4.6
Magnetic 75 G/ (MV/m)
Ingide Length alcng Beam Axis 0.15 m

* Ea: accelerating field level
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Ay
quarter wave line resonator. % )
5 RE INPUT
PICK-U Z
PROBE .

Fig.2 Cut-away view of a quarter wave line

resonator.
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1.7 ELECTRON LINAC OPERATION AND IMPROVEMENTS
Electron Linac Group

Accelerators Division, Department of Physics, JAERI

Cperation

The 120 MeV JAERI electron linear accelerator (linac)l) has been
routinely operated for the measurement of various neutron cross sections
(neutron nuclear data}, for 90% of the tctal machine time. The measure-
ment in higher precision by a time—of-flight method requires the following
linac performance as a pulsed neutron source: 1) higher peak beam current,
2} sherter beam pulse width and 3) higher pulse repéfition rate. Main
improvements of the performance were carried cut fo aim at these peints and
the endeavours for this burpose have been continued, since this linac was
remodeled in 1972. Recent achievements in last few years are found else-
where in some detail.z)’s)’d}’s)

In addition te neutron cross section measurement, the linac has been
used for cother research programs spending a small part of the machine time
{€10%): for solid-state-physics study by neutren diffraction and for radio-
isotope production by I;ray irradiation.

Table 1 shows the contents of machine time devoted to the above

Table | Machine Time and Qutput Beam by Research Program in 1984

Research Program - Time Ratio | Eneray Rate Length Ave.Current
thy ] (MeVd  (ppsd (nsec)  (uA)

Neutron Cross Section 1253 B9.3 ip@B~130 69 2538  ~h3
(Time of Flight Method)

Solid-state Physics 06 7.5 190 158 1008 35
(Heutron Diffraction)
Radioisotope Production 0.2 g0 1580 1008 15

Tuning and Test Operation 42 3.8 188~130  5B@ 25~1908  ~53

Total 1484 108.0
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research programs together with the linac operating conditions in last

fiscal year (FY) 1984,

Improvement

The recent improvement on the pulse medulator units made the linac
operation at higher repetiticn rate (600 pps) possible, while the previous
rate was limited to 300pps. The repair of the pulse modulators, which pro-
duced high-power pulses (250 kV, 250 A} to drive high-power klystron ampli-
fiers, was funded in FY 1983. Main items for the repair and improvement of
the modulator are summarized as follows: 1) replacement of the reverse-
current-absorbing circuits of an end-of-clipper type by those of a reverse—
dicde type immersed in more-efficient-cooling cil-filled cases, 2) renewal
of the triggering circuits to the main thyratron (ITT KU275C), replacing
small thyratron (5C22) by silicon controlled rectifiers (IR 68RS160C) to-
gether with their compact power supply circuit units and 2) renewal of the
master pulse-trigger generator'and the time distributers. The old ones
were of vacuum tube circuits and the new ones are of semiconductor devices,
to control finer trigger timing to each modulator unit. The 600 pps rou-
tine cperation was started from the beginning of FY 1984 after two months'
test operation of 450 prps. Satisfactory operation was experienced during
last year.

Other improvements and preparation are as follows. 1) The TV-meonitor
displays were provided for the linac operafion status, i.e., beam energy,
average current, repetition rate, pulse width and operator's name. Four
displays were prepared and located in the related rooms. 2) Preparation of
the data logging system for the linac operation has been cohtinued. The
microcomputer-hbased system started its function partly last year; recording
the control time, the beam time, the opefation status, the cooling-water
temperature and so on. 3) The interlock system has been renewed by adding
the sensing points and replacing the old one of hard wired and relay logic
by the NIM modules of IC logic. The new system has 2 total of 240 sensing
points and 80 points were already accomplished in FY 1984. This was de-
signed to be connected with a microcomputer for ease of checking. Software
preparation is alsc in progress. 4) Three stainless-steel vacuum chambers
of the beam deflection systems were replaced by aluminum ones in order tc
reduce residual activities along the beam transport system. This reduced

the activity strength to less than one twentieth.
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Maintenance

Major replacements for the linac component are itemized: 1) three main
klystron amplifiers (ITT-8568), 2} two thyratrons (F-175), 3) four capaci-
tors used in the pulse-forming network in the pulse modulators and 4} insu-
lation oil.

In addition to the ordinary maintenance, the fcllowing were carried out
last year: 1) repair of the linac building, 2) renewal of the air condition-
er for the control and modulator rooms, 3) renewal of the target cooling

system and 4) medification of the klystron cooling system.
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2.1 BEAM-FOIL SPECTRA OT CHLCRINE IONS IN HIGH ENERGY
REGION (II)

Masao SATAKA, Kunio 0OZAWA, Kiyoshi KAWATSURA, Kuniaki
MASAI+, Keishi TSHII*, Akio OQTUKA**, Ken-ichiro KOMAKI**,
Fuminori FUJIMOTO**, Akira KIKUCHI*** and Tetsuo
KITAHARA****

Department of Physics, JAERI, *Faculty of Engineering,
Kyoto University, **College of General Education,
University of Tokyo, ***Faculty of Engineering, Ibaraki

University, ****Yamanashi Medical University

Atomic data for the structure of highly ionized atom are of
importance in basic atomic physics, astrophysics and plasma physics.
Especially, these data are indispensable for plasma diagnostics and plasma
modeling in therme-nuclear fusion.

We have reported the first results on the experimental study of
atomic structure of highly ionized atiomic structure by beam-foil
techniquel). As the extension of Ref., 1, we have made measurements of
spectral lines covering a wide wavelength range and measurements of life
times of highly ionized chlorine atom. The experimental apparatus consists
of a target chamber and a 2.2 m grazing incidence spectrometer. These
are differentially pumped with use of two turbo mclecular pumps. In the
target chamber, target carbon foils are mounted on a wheel which can
be translated 30 cm parallel to the lon beams for the life time
measurement. The accuracy and reproducibility of fcil motion is within
0.05 mm. The ion beams are monitored by a biased Faraday cup behind the
foil. The foil position is moved with use of stepping motor, each step
corresponds to a preset value of integrated current measured by a Faraday
cup. Spectral scans are also made automatically by step scanning,
normalized to the integrated current.

The spectrum of foil-excited chlorine ions measured at beam energy

80 MeV is shown in Figure 1. The foils mounted on the wheel had thickness

of 15 ug/cmz. Wavelength range is between 230 and 470 A. Many of the

+Present address: Institute of Plasma Physics, Nagoya University
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strong lines were identified with use of the results of Ishii et al.z),

3) ). Most of

Forester et al, and Fawcetta) and the tabulaticn of Kelly5
those linres can be attributed to An=0 transitions belonging to Cl XII

- 0] XV. The lines attributed te¢ ions of high charge states are dominant,
for example 384 a and 415 3 lines beleonging C1 XV resonance doublet

(2s 281/2 - 2p12P3/2 and 2s 281/2 - 2p 2P1/2} and 237.8 ; line belonging
Cl XTIV ((2s”) "§. - {(2s2p) Pl). Some lines may be attributed to

hydrogen-like trgnsitions of highly ionized chlorine ions and a few new
lines seem to be observed. But further identification should be suspended
untill we will measure the line intensities at higher beam energies than
80 MeV and with thicker target foils than 15 ug/cm2

Figures 2(a) and 2(b) show typical decay curves of intensities of
a wavelength-selected line as a function of distance between foil and

viewing position of spectrometer for 384 A Cl XV line and 415.56 ACl XV

line, respectively, measured at 8C MeV ion energy. The decay curves for

2 2
2p P3/2 level and Zp P1/2 level were fitted one exponential function
as cascading and the line brending with 380.4 A Cl XIV line (n=5-6) and
1
419.5 A C1 XIIT line ((2s2p) P, - (2p)° 1P2) are expected to be

negligible. The measured life times are 0.74 nsec and 1.02 nsec for Zp
2
P3/2 1/2 levels, respectively. The measured life times are

2
in good agreement with experimental results measured by Ishii et al. )

and Forester et al.B).

and 2p 2P
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2.2 ION BEAM ANALYSIS ON Nb-Mo ALLOY WITH ENERGETIC HEAVY IONS

Hiroshi NARAMOTO, Kunic OZAWA, Kiyoshi KAWATSURA,
Masao SATAKA, Sadae YAMAGUCHI* and Kuniaki MASAI™

Department of Physics, JAERI, ¥*Faculty of Engineering,

Tohoku University

1. Introduction

The interaction of energetic heavy ions with atoms can be
characterized by the following three processes: (1)nuclear reactions,
(2lelastic receiling and (3)ionization of inner shell electrons. The
excited prcbe nuclei are introduced in a specimen threough process (1} and
the Y-ray spectroscopy can be realized employing perturbed angular
correlation and/or reccilless emission of 7¥Y-rays. Process (2) makes
forward recoiling more probable for low Z elements in seclid, and the depth
distritution of the elements can be determined with the energy analysis of
reccils. Through process {(3), selective identification of high 7Z elements
can be performed detecting induced characteristic X-rays even in high 2
matrix where the backscattering analysis is not effective.

The lattice location of hydrogens disscolved in Va bce metals has
drawn considerable attention from the viewpoint of hydrogen diffusion1%
The intreoduction of VIa solute atoms in the periodic table may influence
the behavicr of hydrogen atoms through the change of electrcnic structure.
Nb~Mo alloy is chosen for this purpose and crystallographic investigation
is made ina virgin specimen before hydrogen introduction. This report

describes the results of preliminary experiment cbtained through process

(3) using high energy heavy ions.

2. Experimental Procedure

Nb-Mo alleoys were grown by the Pedestal method, and disc specimens
were sliced out from a grown block . A specially designed vacuum chamber
was prepared for the heavy ilon beam analysis of atomic elements in solid.
Alloy specimen was bombarded with 80 MeV 35Cl7+ ions from a tandem-type
Van dé Graaff accelerator in JAERI. The beam intensity was about 5 npA.

+Present address: Institute of Plasma Physics, Nagoya University
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Fig. 1 Setup for heavy ion beam analysis on atomic elements in solids.

r<_ .
FwHMm ;180 eV
REG1oN:5-100 keV

An experimental arrangement of this chamber is illustrated schematically
in Fig. 7. One can detect photons with the energies ranging from 1 keV to
2.6 MeV. A Si{Li) detector is used for X-ray region, a planar Ge detector
for soft Y-ray region, and a coaxial Ge detector for Y -ray region. The
crystallographic orientation was made with a goniometer system eguipped
with the mechanisms of three axial rotations and a translational motion.
This goniometer was purchased from Panmure Instruments Ltd. In the above
system, it is possible to organize the methods mentioned 1in the previous
sectiorn, and one can perfeorm easily both the crystallogréphic and the

spectroscopic studies which are complementary in nature.

3. Results and Discussicn

Figure 2 shews X-ray spectra from Nb-Mo alloy induced by 80 MeV
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Fig. 2 Induced X-ray spectra in Nb-Mo alloy crystal bombarded with 80
MeV 35Cl7+ ions. Lower yield is cobtained when a crystal is aligned

around the <100> axis.

35C17+ pombardments. X-rays were detected with a Si{Li) detector. The
resolution of this detector is 163 eV in FWHM for Mn Ko X-rays(5.9 keV).
The X-ray vield in lower energy region was reduced employing Al filter
with thickness of 51 um to aveld the influence of pile-up in the spectra
because the yield of L X-rays from matrix elements is high in the lcwer
energy region. In this figure, it 1s seen that when the incident beam 1is
aligned around the <100> axis, the X-ray intensity is lowered reflecting
the channeling effect. The spectra show good separation between Ka
components of Nb and Mo and the angular dependence of these X-ray
intensities can be cbtained without any erronecus data-processing. As a
result of multiple icnization by heavy ion bombardment, some shift off 100
eV toward the high energy side is seen for the peak energies of Nb and
Mo Ko X-rays. The solute content of Mo was determined to be about 20 %,
which is far from the initial charge of 50 % Mc atoms in ND matrix. The
reduction of Mo could be explained by high vapour pressure of Mo metal.
Figure 3 indicates the results of angular scans arcund the <100> axis
for Ko X-rays from Mo and Nb elements in alloy and pure Nb crystals. The

full widtns at the half maximum in the channeling dip curves are the same

within the experimental error for Mo and Nb elements of alloy, and these

are much smaller than that in pure Nb crystal shown with a solid curve
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(2 Ww/2(Nb): 0.68 ). The lapge X i, May be attributed to the lattice
imperfection incorporated fhrough alloying preocess. In this energy region
investigated, the cross-section of Rutherford scattering is decreased to
about 2 % of that for 2 MeV 4He+ ions, and the ion beam analysis of
backscattered 35Cl7+ icns is not effective. Complementary experiment was
performed using 1.1 MeV MN+ ions from 2 MV Van de Graaff accelerator. The
<100> axial nalf angle for scattered 14N+ ions in the same Nb-Mo alloy is
very close to the calculated value without any distinguishing treatment of
mass difference between Nb and Mo atoms. In the present study, notable
difference is not observed betwsen Mo and Nb atoms, but it should be
remarked that the heavy ion beam analysis like the method employed here

will become an unreplaceable way to analyse an alloy composed of high 2

elements.
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2.3 DEFECT PRODUCTION AND RECOVERY IN COPPER
IRRADIATED WITH ENERGETIC IONS

Akihire IWASE, Shigemi SASAKI, Tadao IWATA and
3
Takeshi NIHIRA

Department of Physics, Japan Atomic Energy Research

*
Institute, Faculty of Engineering, Ibaraki University

§1. Introduction

Many studies of damage in metals irradiated with energetic ions have
been performed recently because cascade damage by energetic ions can
simulate the effects of fusion neutron damage. In order to accomplish the
meaningful simulation work, it is very important to determime the initial
defect concentration and the defect structure induced by energetic iomns.

In the present experiment, the defect production cross sections in
copper, which is the candidate for the stabilizer of a superconducting
magnet in a fuslon reactor, have been obtained for several ien=

irradiations by means of electrical resistivity measurements at liquid
helium temperatures. The defect production cross section is the number of
the displaced atoms for unit fluence of incident ions. After irradiaticns,
the annealing treatments have been performed up to 300 K in order to obtain
the defect recovery curves. From the recovery spectra, we can get useful

information about the defect structure.

§2. Experimental procedure

The specimens were thin Cu foils about 0.2um thick which were grown on
the A1203 substrates by vapor depositions at a pressure below 3x10-7 Torr.
The irradiations were performed with 0.54-1.80 MeV HE, He, N and Ar ions
from a 2MV Van de Graaff accelerator and with 100-140 MeV Cl, Br and I ions
from the JAERI tandem accelerator. The thickness of the specimens is much
smaller than the ranges of ions, thus ions pass completely through the

specimens. After irradiatioms, the defect recoveries were measured at a

constant heating rate of 1.5 deg/min.

83. Results and discussion

Figure 1 shows the experimental results on the irradiation induced

resistivity change per unit fluence d{/c)/d0 against the resistivity
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Fig. 1 The irradiation induced resistivity change per unit

fluence(resistivity change rate) against the resistivity change.

change Ap. From the initial value of d(/p)/d®, the defect production cross
section 04 can be determined experimentally. In Table I, the initial den
energy EO’ the mean energy of ion in the specimen E, the resistivity change
rate d{/p)/d® and the defect production cross sectiom a4 are shown for

several ion-irradiations.

Table 1 Defect production cross section, damage efficiency and

percentage of stage 1 recovery.

Ion Initial Mean Resistivity = Defect Preoduction PKA Median Damage Stage I
Energy Energy Change Rate Cross Secticn Energy Efficiency RecCovery
Eq (MeV) E(Mev) d(sp)/& (ficm?) a4 (E) {cm?) T2 (kaV) £ (°/s)
3] 0.54 0.524 1.91x10 %1 9.54x10 *°? 0.64 0.71 43
g 1.01 1.00 - - 0.§1 - 42
“He 1.30 1.23 1.63x10 2¢ 8.13x10"'? 1.89 0.77 35
“He  1.50 1.44 1.49x107 22 7.43x10°'° 1.94 0.81 33
lay 1.30 1.12 3.02x10° %! 1.51x10° 17 7.39 0.40 26
“PAar  1.80 1.48 2.20x1072° 1.10x10" ¢ 29.5 G.30 21
¥ 1 140 139,2 5.66x10 %% 2.83x10 !¢ 6.49 0.45 -
S lpr 140 137.5 4.00x10” ¢ 2.00x10 V7 16.5 0.41 19
127y 100 96.3 1.20x1072° 5,98x10 7 16.7 0.3t 10
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Fig. 2 Percent recovery of the resistivity of Cu

as a function of temperature.

Figure 2 shows the percent recovery of the resistivity of Cu as a
function eof temperature. The value A P nax is the dirradiaticn induced
resistivity increment, that is proportional to the initial defect

concentration in the specimen.

Figure 3 shows the damage efficiency, i.e., the ratioc of the
experimental defect productién cross section to the calculated one, as a
function of the PKA median energy T1/2f The PKA median energy is one of the

parameters which characterize the PKA energy spectrum.l) The method of the
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Fig. 3 Damage efficiency for Cu as a function of the PKA median

energy Tl/Z.
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calculation has been described elsewherez). Except for the case of He jon
irradiation, the damage efficiencies decrease with increasing the PKA
median energy. The damage efficiency for the He ion irradiatiom is higher
than that for the H ion irradiation. In the case of Al target, the damage
efficiencies decrease monotonically with increasing the PKA median
energy2’3). The cause of the too high value of the damage efficiency for
the He irradiation remains uncertain.

The percentage of the stage 1 recovery is shown in the last column of
Table T and in Fig. 4 as a function of the PKA median energy. Figures 2

and 4 show that the percentage of the stage I recovery decrease with

increasing the PKA median energy, and that the stage I recovery begins at

60 T T
COPPER
—_ .H
& L0 ¢ He 7
-
3 )
§ - 4
&

é N Ar
.20+ . * .
- Br
S
v [ .I T

0 1 |

10 10° 10° 10°

PKA ‘Median Energy Ti2 {eV)

Fig. 4 Percentage of the stage I recovery as a function of PKA
median energy.
the higher temperature for irradiation with the higher PKA energy.
From the dependence of the damage efficiency and the recovery of
stage I on the PKA energy, it is concluded that as the PKA energy
increases the spontaneous recombinations of Frenkel pairs during
irradiation occur more frequently, and the structure of the resultant

defects become more complex.
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2.4 TRANSMISSION SPUTTERINGS OF MOLYBDENUM AND SILVER BY
HIGH-ENERGY HEAVY IONGS

Teikichi A.SASAKI, Yuji BABA and Kiichi HOJOU

Department of Chemistry, Japan Atomic Energy Research

Institute

1. Introduction

Transmission sputtering is considered to provide very useful
information about the depth profile of energy deposition in solid. Thus
several works on the sputtering have been recently published.T_A) In the
case of incident ion with an energy of 100 MeV, it has been revealed that
the sputtering cccurs only at the depth of the projected range of the
ion.5) Furthermore, it has been pointed out that depth prefiles of the
sputtered atoms trapped in a catcher foil should be examined for the
quantitative evaluaticn of the sputtering yield.

In the present work, the transmission sputterings of Mo/Ag system by
F7+ ions and Ag/Nb system by ¢>* ions were investigated by means of the
stack-foil method. Auger electron spectroscopy(AE3) was employed to
obtain information on the depth profile of the sputtered atoms and on the

sputtering yield.

2. Experimental

Target materials were meitallic folls of Mo and Ag. The thick foils
were mechanichally bolished into mirrerlike plane. The thicknesgs was
determinsd by means of a gravimetric method within an accuracy of +0.2 ym.
The foils stacked were set in a target holder made of copper together with
catcher foils for the sputiered atoms. To reduce the carbon- and/or
oxygen-containing adsorbates, the catcher foils were chemically cleaned by
heating at 350 °C fer 3 hours under a pressure of n10-7 Pa and then exposed
to a faint beem of 8-keV Ar+-ions.

Bombardments were performed by means of a heavy-icn accelerator at
JAERI. A uniform beam with a diameter of 10 mmd was obtained using a
magnetic beam-scanner. The other details on the bombardments were
previously reported.5)

Ion etching for the depth profile of the sputtered atoms trapped in
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the catcher foil was carried out by 8-keV Ar+—ions from a PIG gun. The ion
current during the etching was ca. 4 uA/cm2, determined by use of a small
Faraday cup in a chamber of the electron gpectrometer. The sputtering
yields were estimated from the relative intensity of the Mo(IMM, 186 eV},

Ag{IMM, 358 eV) and Nb(LMM, 167 eV) Auger-lines.

3. Results and discussion

Fig. 1 shows changes in the AES spectra observed for the Mo target.
It is clearly seen that the transmission sputtering on to the Ag catcher-
foil cecurs at the definite thickhess of the target, viz. 31 v 32.5 pm for
117-MeV F7" ions.

Etching profile of the Ag catcher-foll by Ar™ ion is shown in Fig.2.
Since the etching rate in the present experiment was V40 A for a fluence
of 2 x 1016 ions/cmz, the deposited layer of the sputtered atoms is
cstimated to be within 10 A from the %top surface. Almost the same
results were observed for the etching profile of the near surface of the Nb

foll. These observations lead to &

Fre conclusicn that the AES method is

available for the semiquantitative

R
o 720"
Ag

estimation of the sputtering yield.

Figs.3 and 4 show relative

33.0 yields of the sputtering as a funct-
ion of the target thickness. Compared
32.5 with the solid curves for energy-

Ag (MNN} deposition profiles by the EDEP-1

Mo (MNN}  CIKLL
; S

code6) modified for high-energy ions,
2.3 the peak positions of the experimen-
tal curves obtained locate by 1 %
3.0 shallower than the predicted one.
Furthermere, the sputtering scarcely
t=33um oceurs in the region where the target

thicknesses are by V3 um less than

50 200 20 300 350 the mesan projected ranges, though
Kinetic energy (eV] considerable amount of the energy is

Fig.1 Changes in the AES spectra deposited in a form of the nuclear

of the Ag catcher-foils as & fun-

ction of the Mo target-thickness.

stopping.
Taking the depth profiles of the
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of the target thickness. Total fluence was

15

3.8x10 ions/ch. ~-—-: experimental,

t energy-deposition prefile calculated
by the EDEP-1 code.

gsputtered atoms into

account, the sputtering

yield at thickness 1,

Y(t), is estimated as
Ct'nsz’

Y(t) = Y (1)

where C, and Nf are the
concentration of sputt-
ered atoms in the atomic
layer and the fluence of
heavy lons respectively,
and ny the number of the
atomic layers where the
sputtered atoms are impl-
anfed. Although Ct X np
depends upon energy
spectrum of the sput-
tered atoms, it is
evident from Fig.2 that
ny is in the range of 2

o3, Furthermore, the

AES peak-ratio /h
o "Ag

or more generally ht/hc
determined is correlated
with Gt and the atcmic

concentraton of the

catcher foil GC 357)
fo o 8 (2)
hc Sc Ve

Then eq.{1) can be

written as

(3)

where St and S, are the elemental sensitivity factors of the AES signals

from the target and catcher foils, respectively. - Consequently, maximum
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values of the —sputtering
yield estimated from
eq.(3) are 0.90 ny for
the F' (114 MeV) + Mo
system and C.33 ny for the
G5+(84.6 MeV) + Ag system.
Considering that ny is in
the range of 2 v 3, the
values of Y(t=32.3 um) for
the Mo target and of Y(t=
51.2 um} for the Ag target
are egtimated to be 1.8
v 2,7 and 0.66 v 1.0, res-
pectively.

Nuclear stopping
calculations by the

+
EDEP-1 code with the surface binding energy taken to be 5.9 eV for the F7
+
(117 MeV) > Mo system and 2.7 eV for the ¢’ (8.6 MeV) » Ag system give the
meximum sputtering-yields of 2.1 and 1.4, respectively. The experimental

values determined is in reasonable agreement with the calculated one.

Thus, the stack-foil method combined with AES seems to be a promising

technigque for the determination of the transmission-gputtering yield by

high-energy heavy lons.
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2.5 THE PRELIMINARY STUDY WITH THE LIGHT SCATTERING EQUIPMENT
Yukio KAZUMATA
Department of Physics, JAERI.

The equipment for the study of irradiation effects with a light
scatering method was fabricated with the budget of 1982-1983 fiscal years.
In this report, the preliminary results with this equipment are ‘described.
The equipment 1is comprised of three instruments ; a chamber for high
energy irradiation, a Raman and a Brillouin spectrometer. At first, the
outline of these instruments will be described and then several results

obtained will be shown.

1,The chamber for the irradiation: The chamber used for high energy ion

irradiations is installed at the beam iine H-1 on the heaﬁy ion target
room no.2 in the Tandem accelerator building. The vacuum of this chamber
is pelow 1.3x107% Pa at room temperature(RT). The irradiation temperature
can be adjusted variably at a temperature from 80 to 800 K. Six specimens
can be exchanged during the irradiation by the rotation being controlled
from the operating room apart about 100 m from the target room. The shape
of irradiéting beam is monitored by the viewer afttached Just in front of
the specimen and the uniform irradiation to the specimen is obtained by
means of a beam scanner. After the irradiation, the specimen 135 detached

from the chamber zt RT and then the effects by the irradiation are

measured by the optical scattering method described below.

2, Raman scattering : A Eaman spectrometer is purchased from Japan

spectroscopic Co., Ltd. Besides the measurements of ccnventional Raman
scattering, this instrument provides the microscopic information to the
accuracy of 1 um by the use of micro-Raman system. Further, for the study
of the characteristics of the peclarization in solids, two polarizers are
attached at the back of an illuminating lens and just in front of an
entrance slit. In addition to these speclal devices, z diode array
detector is equiped at an exit slit. This detector has the great

advantage to the measurements of a rapid phenomenon and to setting up the
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specimen cerrectly. The data from the detector transfers Lo the
"multichannel analysis system, TN-1710, obtained from Tracor Northan.

The results for glassy carbon are shown in Fig.7 together with these
by esr. Two lines associated with defects and Egg mode in graphite are

1, respectively. In the esr spectrum,

clearly seen at 1360 and 1580 cm™
only a single line is observed, which is associated with conduction
carriers. By the bombardment of 350 keV Net ions, both of the lines in
the Raman spectrum increase their widths with fluence and at an ultimate‘
fluence of 1OW6 Ne+/cm2 a2 broad band which indicates the fransformation to
amorphous carbon is observed. By esr, two lines are observed after the
irradiation and one of them at higher magnetic field is attributed to be
due to localized spins. From these facts, the Raman line at 1360 cm_1 is

concluded to be in no correlation with paramagnetic defects.

3,Brillouin scattering : Brillouin spectroscopy studies the scattering

of light from the long-wave length thermal acoustic modes 1In contrast to
Raman spectroscopy being concernec with optical modes. A Brillouin
spectrometer is not just purchased as a complete unit. It has to be
assembled from variocus optical parts. In Fig.2 the experimental set-up of
the spectrometer is shown. A single frequency laser line of the argon-ion
line of % =514.5 nm is focused by means of the illuminating lens, (8) in
the Fig., into the specimen and the scattered light is led tc & Fabry-
Perot interferometer through the pinhole (12} and the collecting lens
{(13). The plane Farby-Perot interferometer, mocdel RC-110, obtained from
Burleigh Instrument has the minimum mirror separation ¢f 0.1 mm which

1 free specrtal range. The DAS-1 system from the

corresponds to a 100 cm™
above manufacture is used for the Fabry-Perot stabllizatlion and data
aquisition system.

The results for benzene and a BaTiO3 single crystal are shown in
Fig.3 and 4, respectively. The observed Brillouin frequency shifts 4) are
related to the scund velocity V through ZY =2nV/c? , where ¢ is the
velocity of light, #. the wave legth of the incident radiation 514.5 nm,
and n is the refractive index. For benzene, the sound velocity is
calculated to be 1077 m/sec with n=1.51. This value is somewhat smaller

than the ordinary value of 1324 m/sec, but it will be tolerated from the

rough estimation of the free spectral range.



JAERI-M 85-104

(A} Bafore irradieticn

L ' t ! ' '
3260 3IZSO 3280 3300
(Gauss }

{B) After irrcdiction
1 L 1
3260 3280 3300

1800 ISOO I4OO %200 IOOO
cml

Fig.l Raman and esr spectrum of glassy carbon.
(A) Before irradiatdion.
+
(B) After the bembardment of 350 keV Ne ions

at the fluence of 10l6 Ne+/cm2

g‘ (14] Fabry - Perot
{I1)Rayleigh Horn Interferometer

{91 Alignment {12) Pinhole tIﬁ)CoI&cnting (16}Photon Co;nring
Laser r/ § ystem
-t~ —fH 4 f—H
’(fbls IT\] ! U W (17} Automatic
. omple Fabry- Pero?
{8] Illuminating CRT b
tLens 5P {13) Coltecting Lens ?gitt;b?ﬁt;lglsi!ygn
CRT O [¥]t71 Potarization Rotator System
{5)Beam splitter (1 Ar" laser b | (18} Recorder
(6) Spectrum [l / []
Anclyzer n .E[: hm)
i %0
(4)Mirror L / .
(2) Etglon O Prism
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light.
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2.6 MEASUREMENT CF MEAN PROJECTED RANGES OF HIGH ENERGY IONS

Shozo HAMADA, Tomotsugu SAWAI, Katsumaro FUKAI and Kensuke
*
SHIRATISHT

¥
Department of Fuels and Materials Research and Radioisotope

and Nuclear Engineering School, JAERI

The heavy-ion irradiation experiments have been performed to simulate
the neutron irradiation damage in fusion reactor materials. The amount cf

displacement damage produced by ions has a steep gradient exhibiting the

highly damaged region around the mean projected range of the incident

icns., Then, precise estimation of the mean projected range is required
for microstructural observation of the radiation damage. The measurement

) has

of the mean projected range of He-ions in Type 316 stainless steel1
been reported, which employs.optical microscepy on the cross-sectional
plane of the specimen chemically etched, In this paper, the mean pro-
jected ranges for various ions injected into Type 316 stainless steel and
pure nickel are measured by optical microscopy and compared with the cal-
culations by the extended E-DEP-1 code using Ziegler's stopping powersg).

The plates of type 316 stainless steel (2.5 mm” x 12 mml x 0.2 mm®)

t ¢

and pure nickel (0.2 mm~ x 70 mm" ) were solution annealed for 30 min at

1373 K and for 1 hr at 1273 K in vacuum of 1075

Pa, respectively. The
annealed plates were polished using diamend paste to clean the surface,
The icn energies used were 24 MeV for He-ions, 40, 60, 80 and 90 MeV for
C-ions, 86.2 MeV for N-icns, 130 MeV for Cl-ions, 45.7 MeV for Ar-ions and
190 MeV for Ni-ions, Both the He- and N- ion irradiations were performed

in the cyclotron of the Institute of FPhysical and Chemical Research

(Riken). The Riken Heavy Ion Linac was used for the Ar-icn irradiation
experiment, The C-, Cl- and Ni-ion irradiaticns were carried oul in the
JAERI tandem accelerator, After the dirradiation, the sample was

electroplated with nickel on both the irradiated and back surface to a
thickness of about 1.5 mm, and then sliced in a plane normal to the
irradiated surface with a low-speed diamond saw., The sliced sémple was
mechanically polished and etched by a saturated sclutien of CuCl in aqua
regia, The optical microscopy was used for the cobservation of the etched

surface, The specimens were then electropolished for transmission
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electron microscopy. A JEM-2004 electron microsccpe operating at 200 kV
was used for TEM examination,

The optical micrograph of the specimen irradiated with 40 MeV C-ions
is shown in Fig. 1. An etched band is seen at a distance of 18-19 pm from
the ion-incident surface. Figure 2(b) shows the calculated distributions
of injected ions and displacement damage for 40 MeV C-ion irradiation to

3)

amorphous iron, using the extended E-DEP-1 computer code with Ziegler's

electronic stepping powerg); the injected ion and damage distributions
peak at depths of 18.7 and 18.6 um, respectively. This implys that the
mean projected range of 40 MeV €-ions in the steel is closely approximated
by the peak position of the displacement damage curve. 4 typical damage
structure in the region containing the etched band shown in Fig, 1 1is
shown in Fig, 2{a) with the depth distribution of the number density of
the defect clusters. The number density of the dislocaticn loops peaks to
be 4 x 1022 m"3 at a depth of 18.5 um, The average loop diameters were
about 30 nm, and the loop sizes were iittle changed throughout the damage
region, Then, the loop number density could approximate to the depth
distribution of the displacement damage produced by C-Icn irradiation,
The depth histogram of the number density is fairly in good agreement with
the calculated displacement damage profile in the depth from 18.1 to
18,7 pm (Fig., 2(b)). It is, therefore, concluded that the center of the
etched band seen in Fig. 1 is corresponding to the mean nrojected range,
and that the calculation give a good approximation for this case.

The mean projected ranges of N-, Ar- and Ni-ion in Type 316 stainless
steel and of Cl-ion in nickel were measured by the similar method. The
measured wvalues are given in Table 1 with the calculated ones. The table
shows that both are in good agreement within the accuracy of 5% except for
the Ap-ion irradiation. Energies of each projectiles but Ar-icn belong to
the high energy regicn. In this region, the stopping power 1s well
approximated by the modified Bethe-Bloch equations, which have been
reported to be in geod agreement with experiments., On the other hand, at
the intermediate energy region around the maximum in the Stopping power
versus energy curve (Fig, 3), the estimations of the stopping power have
not yet been well established. The low wvalue of the calculated mean
projected range for Ar-ion irradiation is caused by overestimation in the
stopping power., Then, another calculaticn has been made with the stopping

power of Northcliffe and SchillingQ), whose value for nichel target, Sﬁf,
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has been converted fto that of lron target, S by the follewing equation;

Fe?

NS
Spe = Sz ¥ (8

Zig Zig
Fe- / SNi )

where Sgig and Sgig are the stopping powers of Fe and Ni farget by
Ziegler, respectively. This value is plotted in Fig., 3 with the values of
bothh Ziegler and Lindhard at lcower energy region; The mean -procjescted
range calculated with the stopping poweh of Northcliffe and Schilling
gives better agreement rather than that of Ziegler as shown in Fig. 4.

In summary, the mean projected ranges were measured for He-, Cw, N-,
Ar- and Ni-ions injected intc Type 316 stainless steel and Cl-ion into
nickel by the optical microscopy on the cross-sectional surface chemically
etched., The calculations of the mean projeéted ranges using the extended
E-DEP~1 with Ziegler's étopping pewers give fairly good agreement with the
measurement except for Ar-icn irradiation, In the case of Arfion with the
intermediate energy, a marked discrepancy abises between the measured and
calculated mean projected ranges. The fact suggests that improvements are

required for the evaluation of the stopping power at the intermediate

energy region.
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Table 1 Measured and calculated mean projected ranges

lon Energy Target I Rp (um)
(MeV) exp. cal.
He 24 SUS316 107. 3 108
c 40 SUS316 1 8 18,7
60 sUsS318 31 32. 7
80 sSuUs31 6 47 49, 5
g0 SUS316 57 59, 2
N 88, 2 8US316 40 39, 8
Ccl 130 N i 12, 5 13.0
Ar 45, 7 SUS316 6 5.2
N 190 sSUS316 12, 2 12. 8
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2.7 MOLECULAR EFFECT CF O AND Al Ko X-RAY YIELDS FROM A1203
+

FILMS FOR H+ AND H2 TONS

Kiyoshi KAWATSURA, Kunio OZAWA, Akio OOTUKA , Ken-ichiro
KOMAKT , Fuminori FUJIMOTO and Mititaka TERASAWA

*

Department of Physics, JAERI, College of General Education,

University of Tekyo, Nuclear Engineering Laboratory,

Toshiba Corporation

Introduction

Inner-shell wvacancy production by light ions is approximately
proportional to the square of the ion charge. Hence the clustered ions
might be expected to show the same enhanced effect in x-ray or Auger
electron production as they do in their energy loss. Chen et al.l) have
measured Al Ko x-ray vields from a thick Al target by H+, H; and Hg ions.
They found the x-ray yields produced by the clustered protons are lower

than those produced by protons, which could be explained by the increased

2)

have measured

+

stopping powers of the molecular projectiles. Lurio et al.
Al Ku x-ray vields from thin Al targets (123 A and 370 A) for H+ and H2

ions at the energy of 1.0 MeV/amu. They found that the KLI/KLO ratio by
the clustered protons is slightly smaller than that by the protons.

In the present work, we raport con the observations of spectra of the O
o]

and Al Ko x rays from thin aluminum oxide films with the thickness of 100 A

e + +
and 300 A for H and H, ions (0.8v0.95 MeV/amu) incident by a Bragg crystal

2
spectrometer.3) The Ka x-ray spectra of oxygen and aluminum for light ion

consist of the main KLO peak and a satellite KLl one. The intensity ratio

: 1
of the KLl line to the KLO one, I(XL )/I(KLO), for He ion incident was
2)

+
reported to be much larger than that for H one. We studied the

molecular effect by comparing the intensity ratio, I(KLl)/I(KLO}, for H+
+ A
and H, ions with the same velocity, as Luric et al.zf have carried out for

2
aluminum foil.

Fxperimental

The aluminum oxide films were depesited on thick silicon crystal
plates by dip-coating from alcohelic solution of Al(N03)3 and then heating

at a temperature higher than 500°C. The film thickness was controlled by
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the speed of lifting the sample from the organic solution. Ion beams of H+
and H; ions from the 2 MV Van de Graaff accelerator of JAERI were bombarded
on the target normal to the surface. The target was surrounded by a cold
trap to avoid contaminaticn. The x rays radiated to 45° direction to the
normal of the surface were measured by a flat crystal Bragg spectrometer.
Bragg crystals of RbAP (2d spacing=26.12£) and PET (2d spacing=8.76;) were
used for analyzing O Ko x rays and Al Ka x rays, respectively. The x-ray
detector was a gas-flow proportional counter with a 1.0 um thick
polypropylene window. The vacuum was 2><10_7 Torr and the beam intensity
was about 100 nA. The spectra were obtained by repeating the energy
scanning several times. The experimental arrangement has been described in

)

a previous paper.

Result and Discussiocon

Observed spectra of Al Ka x rays from the film with the thickness of
+

2 0
intensities of spectra are normalized by the integrated intensity of KL

=]
+
100 A for 0.95 MeV/amu H and H, ions are shown in Fig.l, where the

line. We can see that the intensity of the KL1 line for H; ion is larger
than that for H+ one. The intensity ratios, I(KLI)/I(KLO), were obtained
from the peak area of the Gaussian distribution best fitted for each peak.
The result is shown in Fig.2, where ¢ is defined as ¢ = RS(HZ)/RS(H) -1 and
RS(HZ) and RS(H) are the intensity ratios, I(KLl)/I(KLO), for H; and H+
ions, respectively, with the same velocity. This figure shows the

1 +
enhancement of the intensity of the KL© line by H2 ion beam in the aluminum

oxide case, on the contrary to -the case of pure aluminumz). The
enhancement decreases with the film thickness.

Basbas and RitchieS) have theoretically discussed the vicinage effects
in the inner—shell ionization and estimated vélue of & as a function of the
internuclear distance, R. Because the internuclear distance increases
while the cluster ion travels in the film, we must calculate the average
values of ¢ for 100 g and 300 ; films. By using the expression of the
internuclear distance by Brandt and Ritchie6), we obtained the values of &
for Al atoms being 0.040 and 0.030 for 100 R and 300 ; films, respectively,
in the case of 1.8 MeV H; ion bombardment. This value is roughly a half of
the observed one for 100 g oxide films and is slightly smaller than that
for 300 ; ones. The calculated values for 0 atoms are 0.850 and 0.700,

respectively. These values are only in qualitative agreement with the



experimental ones.

7)

Yamazaki et al. have
considered an effect of the
projectile electron from the
molecular ion as a reason of
the enhancement. In the
present case, X rays are
emitted from deep part of
film where ions do not
accompaﬁy the electron,
unlike the case of Auger
this

electrons. Therefore,

effect is very small. Any
enhancement effect of 2p
shell ionization for the
metallic Al target bombarded
with molecular ions has never
been found by x-ray produc-

1,2)

neither Auger

7).

tion
electron production Any
theoretical prediction cannot
explain the experimental
difference between Al and
A1203.
experimental results show

However, the

that the molecular effect for
the 2p shell ionization in Al
atoms is correlated with the

chemical state of the target

atoms.
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1, Introduction

Hydrogen isoteopes implanted into the first walls of fusion plasma
devices affect both the material invelved and the plasma itself through
hydrogen recycling. Current problems are understanding of hydrogen
trapping and recycling at first wall surfaces, and minimization of con-
tamination of plasma from impurities emitted from surfaces, such as
limiters. Because the potentially large radiation lesses, caused by the
contamination of plasma, strongly depend on the atomic number, low-Z
refractory materials with good thermal shock resistance are desirable for
limiters or other first wall elements. The above requirements make
TiC be receiving much attention as candidates for the first wall mater-
ials. Consequently hydrogen trapping in TiC and re-emission from it
during implantation of energetic hydrogen have so far been investigated

4)

1- 3 . ) .
by several workers , but sowe discrepancies remain. According to the

1,2 . . c
measurements by Doyle et al. ), TiC formed by chemical wvapor deposition

shows a saturation behavior at an icon fluence below 1018 H/cmz, and the
satutration concentration is measured to be 0.26 H/host-atom at room tem-—
prature.by using the D(3He, p)aHe nuclear reaction analysis. On the other
hand, ErentsB)'showed that TiC prepared by co-sputtering of titanium and

+
carbon traps the majority (90% at 2 keV D2 } of incident deuterons up to

a fluence of 1018 D/cmz.

As is well known, TiC has a wide nonstoichometric composition range

5)

from TiC to TiC Therefore, it is interesting to measure the

0.55 1.0
deuterium retention properties on the samples with different compositions
and on those prepared by different methods. In the present work, deute-
rium accumulation data at the near surface are compared for several types

of TiC samples prepared by CVD and grown by a floating-zone (FZ) method.
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In addition, the effect of radiation damage on deuterium retention and
the thermal release of deuterium during isochronal anmealing up tc 800°C

are investigated.

2. Experimentals

Five types of TiC samples were studied in this investigation: (1)
TiCO.96 single crystal (abbreviated as TiCO.96(FZ)>; {2 TiCO.SB single
erystal (TiCy ¢, (FZ))3 (3) TiC) ;.04 40eNg 003(T1Ch 77% 006%0.003F2))
(4) polycrystal deposited on carbon substrate (TiC(CVD)); (5} TiCO.96
bombarded with 330 keV C+ ions at fluence of 5x 1015 ions/em” (predamaged
TiC). The compositicns of these samples were determined by chemical
analysis.

In the ion beam analysis, two types of experiments were performed.
The first one is the measurement of deuterium accumulation at the near
surface. 5 keV D2+ ions were irradiated to the samples and simultaneously
the amount of them retained mear the surface was measured by elastic
recoil detection (ERD) technique with 2.8 MeV 4He bean.

In the second experiments, 15 or 44 keV deuterous from an electro-
magnetic isotope separator were implanted with 2 x1016 ions/cm2 oY 1017

. 2 . . ;
ions/em” into the specimen at rcom temperature. ERD technique was also

used to determine the total amount 3.0 I Y Y

cf implanted deuteriums.

100°% trapping

3. Results and discussion

The amount of deuterium trapped
within the top surface of 0.2 um
thick is plotted in Fig. 1 as a
function of implantation fluence for

TiCO'

D retained (=107 Dfcm?)

TiC 83* 115 77% . 0060, 003

and TiC{(CVD) samples. All the curves

0.967

show a linear increase with the im- 8] L
o] 2.0 4.0 6.0 8.0

, 17
plantation fluence up to 7 x 10 D/ Fluence (~10” D+H/em? )

cmz, but no saturation behavior. We
Fig. 1 D build-up of (a) TiC

note that the trapping efficiency 0.77
decreases in the order of TiC Cy. 00650, 003» () TLCLCVD), (e)

0 N ~ TiC(CVD) - T'CO.77 - TiCy g5 and () TiC; go- The
0.00670.003 ~ 't E Q- -

solid line represents 100% trapping.

TiC , . .
i€y 96 being considerably lower



the majority of deuterium atoms im- 5.0 T T T . . 1
planted in TiC samples diffuse readi—'é - {a) 1
(=
ly away from the near-surface region o - 1
‘b L i
1.0 T T T .
T osl LErents 4 =
QG <Doyle et al. o ola) o L0 p
R B e 0o®9° % 50f ]
= i 6.g0000 1@ (b)
E 0.6 o Q ~ (b) -—
- T~ . & i i
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O gl ee sttt TG anan@ | £ 0 : :
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Fig. 2 Trapping coefficient versus Fig. 3 Depth preofile of 5 keV D2+
flue bif TicC 0O i i i
nce for (a) Ti 0.77 0.006N0.003’ implanted in (a) T1C0.96 and (b)
b} TiC(CVD), iC s i . i N . i
(b) ¢ Y, (e) Ti 0.83 (d) T1C0.96 T1C0.77OO.006\O.OO3 The sclid
The results by Erents and Doyle et al. curves show the calculated range
are also shown. profiles. Rm: total path length.
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than 100% in all cases. The trapping coefficients deduced from Fig. 1 are
shown in Fig. 2. Remarkable differences are noticed between the present

results and both results taken from the re-emission measurements of 2 keV

D2+ by Erents3) and from the retention measurements of 1.5 keV D2+ by

Doyle et al.l).

The present results suggest a fairly high rate of diffusion of
deuterium in TiC during implantation, because only 20 - 70% of the im-

planted ions are retained within the range of the ions in specimens.

)

+
For the 5> keV D ions, kinetic backscattering is insignificant (%10%)6 .

2
and sputtering yield of 10_2 atoms/ion7)

. a surface layer 10 A thick is
sputtered by an incident fluence of 1018 ions/cmz, which is thinner than
the ion range of more than 350 A. The present results and results by

Erents contradict with the results by Doyle et al., since the retention
18

2
curves do not show any saturation behavior at fluences below 10 H(D)/cm".

The reason for the discrepancies is not yet clear. We suggest, however,
that the difference in hydrogen(deuterium) diffusivity in the samples

studied may be an origin; the diffusion rate is sensitive to the concen-
tration and the preparation method of the samples, but release rate from
the surface i.e. surface recombination cecefficient is insensitive to the

characteristics of bulk samples. From this result, we may conclude that

W
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to the interior beyond the probing depth of ERD techmique.
This fact is also supported by the depth profile measurements shown

in Figs. 3 and 4. Figure3 shows depth distributions of 5 keV D2+ in
at the fluence of 6 ><1016 D/cm2 in com-

8)

TiCy gg a@nd TiChy 504 006%0.003

parison with theoretical range profiles The theoretical curves are
normalized at the peak of the experimental distributions. It is shown
that the near-surface slope of the observed distributions agree well with
those of the calculated curves, whereas the inner sides have a long tail
towards larger depth. The tailing beyond the total path length is greater

for TiC than for TiC This result is consistent with

M J
0.96 0.77%.006™0.003"
the conclusion described above; the diffusion rate of deuterium in TiCO 96

. : i Ti . s . .
is higher than that in 100.77OO.OO6NO.003’ and the interstitial impuri
ties and the vacancies associated with nonstoichicmetry act as a trap for
the diffusing deuterium atoms.
+
In Fig. 4 depth distributions of 5 keV D2 implanted in TiC0 83 at

16 7

the fluences of 6.8 x10 to 6.4 ><101 D/cm2 are shown. At the beginning

of implantation, the deuterium accumulates near the ion range. As the

fluence increases, an increase of 10— ) ; — —
deuterium concentration is observed
in the inner side beyond the total -
path length of implanted ions. This g
indicates again the movement of deu- a
. . . S 20 (e .
terium towards the intericr. Q £§
= a a
The detaited mechanisms involv- ™~ §? @t;d%
c o
ed in the trapping of deuteron in 2 & ° .
d 0,0 (cye ©
TiC are not known, but we suggest % &; R _{qz
@ .
that the formation of either deu- § 10 R :Jh @
. _ s T ° x (b % i
terides or bubbles is responsible ¥ ? : 2.8 §
()] cg ‘: UDD
for the accumulation of large amount Q? o D; T
o a. 9
&%)
of deuterium bevond the ion range; 35% I gf%? %Eg
. (al
the strain field around the deute- %%_?'“#:,-_: & "*rfF;A:s%\a_
-
- s AP T,
rides or bubbles traps the diffusing gL R R EVRREIT S
120 80 40 Q
atoms further, and succesive accumu- Depth (nm)

lation may cause the formation of +
Fig.. 4 Depth profiles of 5 keV D
deuterides or bubbles at larger 2

implanted in TiCO 83 at the fluence
depth. 16" " 17
of (a) 6.8x 10 7, (b) 2.0x10 ",
Depth profiles for 15 keV and 17

(©) 3.7 x10%7, (d) 6.4 x 10%7 D/en?.



JAERI-M 85-104

44 kev deuterons implanted into TiC samples at rcom temperature were also
examined. In the case of FZ-TiC, it is found that a considerable amount
of deuterium is lost from the near surface region during the ageing for
one week at room temperature, because of the fast diffusicon rate. Contra-
rily, deuteriums implanted into predamaged TiC are retained near its

projected range; the deuteriums are

T T T T

trapped by defects induced by C+-bom— 15keV D—TiCqueg{FZ)
bardment. This is consistent with
the deuterium accumulation described
above; the existence of defects or
impurities affects strongly the reten-
tion properties in TiC samples.

As described above, deuteriums
trapped by the radiation induced de-

fects are not released by ageing at

FRACTION RETAINED

room temperature. In order to eva-
luate the binding energy of deuterium

with defect in TiC, the D retention

in predamaged TiC is measured after 0 260 460 660 860 1000
isochronal annealing for 10 minutes TEMPERATURE ( °C)
at temperatures from 30 to 800°C.

Fig. 5 Retained D fraction versus

The deuterium content decrease drama- ]
annealing temperature for damaged TiC

2

tically at about 600°C, and are re- . 16
implanted with 15 keV D of 2 x 10" /em®.

leased completely at 800°C as seen
in Fig. 5. From this result, the
binding energy was evaluated as

2.8 + 0.5 ev.
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2.9 ICN BEAM ANALYSIS ON o-SiC CRYSTAL IRRADIATED WITH Ar IONS
Hiroshi NARAMOTO and Kunio OZAWA
Department of Physics, JAERI

7. Introduction

The ion beam processing such as ion implantation and ion beam mixing
has been increasingly employed to modify the near surface properties of
various kinds of materialsT). In the processing of ceramics, the resultant
lattice disorder is complicated because ceramics are composed of more than
two elements. In order to understand the entire process of ion bean
processing, it is necessary to investigate the ion irradiation effect
separately from the effect of impurity introduction. Among the recent
promising ceramics, o-3iC is expected to be used at high temperatures as
the structural and the electronic materials, but the studies of the lon
beam processing are limited. In this report, the results of the ion beam

analysis are shown on the irradiation effect by inert QOAF+ ions.

2. Experimental Procedure

Various kinds of o-35iC single crystals with the (0001) surface were
purchased from Pacific Rundum Ce., Ltd. A part of a specimen was
irradiated with 200 keV 4OAP+ icns from 2 MV Van de Graaff accelerator to
a dose of 2 x 1Oﬂ6 /cmg, and a COmparisbn was made between the results
from the irradiated and the as-prepared regiocns of the same specimen. In
order to obtain the information of lattice defects and compositional
change in the near surface regicn, the ion Scattering/channéling

“He* ions and 1.25 MeV d* ions.

experiment was performed using 1.8 MeV
Deuterium ions were used to analyse the carbon sublattice of g-5iC

crystal selectively through the nuclear reactions of 12C(d, p)13C.

3. Results and Discussion

Figure 1 shows backscattering spectra of 1.8 MeV ZJ’I—IeJ' ions from a
virgin a-53iC crystal. A spectrum with higher yield(denoted by R) was
obtained under the random condition, and two distinct steps are formed
resulting from collisions with Si and C atoms. Under the <0001>

channeled condition, the scattered intensity(denoted by A) 1s decreased to
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Fig. 1 1.8 MeV 'He ion backscattering spectra from virgin o-8iC crystal

under the random{marked R) and the <0001> aligned(marked A) conditions.

7 % in the surface region, and mainly three peaks are observed. The first
and the third peasks reflect the surface disorder of Si and C sublattices
within a few atomic layers in the near surface region, respectively. The
third peak observed in the mid-eneregy regiocon results from oxygen
impurities. These oxygen atoms are considered to be localized in the near
surface region because any evidence of step formation by oxygen atoms is
not detected in the randem spectrum. In the higher energy region than the
Si leading edge, any traces from heavier elements are not detected.

As observed already in Fig. 1, the scattered yield from C sublattice
is overlapped with that from Si sublattice in lower energy region, and it
is very erroneous to extract the carbon component with the linear extrapoc-
lation of scattering yield from Si sublattice. The use of the nuclear
reactions W2C(d, p)13C can avoid this difficulty. Figure 2 shows three
kinds of spectra from @-3iC crystal irradiated with 200 keV AOAP+ ions to
a dose of 2 x 1016 /cmg. The spectra with a solid and a dotted lines
correspond to random and aligned ones, respectively. The <0001> aligned
spectrum from virgin region is shown for a comparison. The spectra in
lower energy region result from the backscattering, and these in

higher energy region come from the nuclear reactions of 12C(d, p)73c.
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Fig. 2 Energy spectra for 1.25 MeV d+ ions incident on o-SiC crystal

1 o

. ; . +
irradiated with Ar dons(200 keV, 2><lO16 /cmz). Spectra in lower energy
region result from backscattering and that in higher energy region

results from nuclear reactions 12C(d, p)lBC.

In the backscattering spectra, an isolated peak ¢f implanted Ar atoms 1is
ocbserved, and any difference between random and aligned spectra is not
observed, which means the random incorporation of Ar atoms in the o-=3iC
crystal lattice. Implanted quantity of Ar atoms was calculated to be about
2 X 1016 /cm2. After 40pr+ ion irradiation, the aligned yield amounts to
the random value in the near surface region in backscattering spectra,
which shows the amorphization of Si sublattice by ion irradiaticn. In the
nuclear reaction spectra, the complicated structure cof proton yield
reflects ensrgy dependence of the employed nuclear reactions. At the
higher energy region corresponding to the surface layer, the amorphization
of C sublattice is also observed. At the amorphous layer, the number
density of Si atoms is assumed to be decreased judging from the result of
the lowered yield in the random spectrum after irradiation.

Figure 3 shows angular scans across the <0001> axis for 1.25 MeV d7

ncident on a-SiC irradiated with 200 kev “OAr* ions to a dose of 2 x 10'°
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§i) and nuclear reactions Q2 |
(for €) yields are normal-
ized to the value under
. . . O ! I ! 1 1
random condition. 30 20 40 00 L0 20 30

Tilt Angle ( Deg.)
/cm2. The energy window was set just below the amorphous layer, and
channeling effect in both Si and C sublattices 1is observed. Angles
labelled 2V¥ 4,5 refer to the full width at the half maximum of the
channeling dip curves. The amorphous layer induced by icn irradiation
increses the channeling critical angles for both Si and C atoms by 20 %
and 35 %, respectively, which reflects the spreading of incident team
while passing through the amorphous layer. The channeling critical angle
for C atoms is rather smaller than that for Si atoms in virgin crystal,
but after ion irradiation, it has become larger than that for Si atoms in
addition to the decreass of channeling dip. These results are not
contradictory with the interpretaticn that C sublattice is compressed
aleng the <0001> direction in the interfacial reglon adjacent to the

amorphous layer.

Reference

1) B. R. Appleton, H. Naramoto, C. W. White, O. W. Holland, C. J. Mchargue
G.C. Farlow,J. Narayan and J. M. Williams: Nucl. Inst. and Meth. §l
(19841167,



o

JAERI-M 85-104

2.10 COMPUTER SIMULATION STUDY OF LOW ENERGY RADIATION
DAMAGE IN MOLYBDENUM

Terufumi YQKOTA, Yukichi TAJI, and Tadao IWATA
Department of Physics, JAERI

Low energy radiation damage in copper and & -iron was intensively
studied, and importance of the focusing coilisions in creating a Frenkel
pair was pointed outﬂ) There exists "simple" and "complex" directicns in
the threshold initial velocity of primary knock-on atoms(PKAs) for
creating a Frenkel pair.Z) In the "simple" direction, displacement of
atoms occurs 1in a.single sequence of collisions along low index
directions. These includes focusing collisions. On the other hand, iIn the
"complex" direction, the kinetic energy of FPKAs 1s transferred to various
directions. We deal with molybdenum and study the anisotropy in the
threshold energy by the molecular dynamic method.

The interaction among ions is assumed to be two-body central force.

3) approximated by

We adopt the interatomic potential of Jhonson and Wilson
the Born-Mayer potential for r<1.7 L. The size of the crystal used in
these computations is finite, s¢ we must add some artificial surface
forces. {onstant, spring, and viscous forces act con the surface atcoms. The
aumber of atoms in these calculations is mecre than 1000.

‘Main results are represented in figures collectively. In Fig.1l, the
threshold initial kinetic energy of PKAs to create é Frenkel pair 1is
shown. All directions of PKAs are included in this "triangle", which has
the corners corresponding to [100], [110], and [171] axial directions of
the crystal. We carried out the computations every 5 degrees within this
"triangle". The contour lines are drawn only for the eyeguide. The
"simple" directional regions exist around [100] and [111] but not [110].
Threshold energy is almost constant in a "simple" directional region
because a single sequence of the focusing collisions is important to form
a Frenkel pair in these directions. We also notice that the corresponding
figure of the threshold energy for u—ironq) locks rather different. There
is a "simple" directional region around [100] for «-iron but not for
molybdenum although they have the same b.c.c. structure. In "complex"

directions, the number of Frenkel pairs is not always a monotonously
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increasing function cf the initial energy of the PKAs. In Fig.2,'two
examples are shown corresponding to the directions of A and B in Fig.1. In
the "complex" directional region, nct a single seqguence of focusing
collisions is important but complex collisions are dominate to create
Frenkel pairs. As the initial kinetic energy of PKA increases, focusing
becomes meore difficult to occur and "simple" directions can change to
"complex". Fig.3 shows focusing parameternﬁ as a function of Initial
kinetic energy of PKA at the point C in Fig.i. If we mesure angles between
the focusing axis and the direction cof the maximum velocity of atoms,
focusing parameter is defined as é ratic of the two angles of neighbouring
atoms in the collision cazin. IfA is smaller than 1.0, focusing occurs.
Even if A is greater than 1.0 at first, the collisions can sometimes
become focusing ones as the maximum kinetic energy of the atoms in a
collision chain decreases. In Fig 2(C), the number of Frenkel pairs as a
function of the initial kinetic energy of PKA are shown for the direction
Cin Fig.1. As is seen from this example, the energy region in which one
Frenkel pair is created is large in "simple" directions in the threshold
energy.

In conclusion, we have obtained the threshold energy of PKAs to
create a Frenkel pair for all directions of the initial velocity. The
existence of the "simple" and "complex™ directioné in the threshold
initial velocity of PKA is confirmed. There are gsome difficult problems in
these simulations. One problem is the correctness of the interatomic
potential which can affects not cnly the values of the threshold energy
but alsc the final form of the stable positions and direétions of defects.
Another problem is the treatment of the surface, which comes from the
finiteness of the crystal used in these simulations. Because of this
limitation, we cannot treat correctly the energy loss at the surface,
which is important for the cooling stage of radiation damage events. Alsc,

finite temperature effects, which are not included here, may affect the

results.
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2.11 ELECTRON CAPTURE AND LOSS CROSS SECTLONS FOR 300 keV T0 1.5
MeV CARBON ATOMS IN COLLISIONS WITH HELIUM

Yohta NAKAIL, Masao SATAKA and Akira KIKUCHL

)

Department of Physics, JAERT, nFaculty of Engineering,

Tharaki University

1. Introduction

Tons or atoms of carbon, ditrogen and oxygen are common Impurities in
controlled thermonuclear fusion devices. A knowledge of the cross sections
for electron capture and loss in collisions involving such species with
helium is directly relevant to the neutral beam probe diagnostics and to
the understanding of the mechanisms of energy and particle loss in
magnetically confined plasmas.

In the present work we have measured the electron capture and loss

cross sections for the processes of

C+ He ~ C (Uo_l) single-electron capture (1)
- C+ (cOl) single-electron loss (I1)
- C2+ (602) double-electron loss (I11)

in the energyv range 300 keV to 1.5 MeV (25 to 125 keV/amu).

2. Experimental approach

The apparatus and the experimental procedure will be described
briefly. C+ ions produced from.carbon monoxide gas in a PIG ion source
were accelerated by means of the 2 MV Van de Graaff. The moncenergetic C+
beam was introduced into the differentially pumped first collision cell
for the production of a neutral carbon beam, which was formed by electron
capture of the incident C+ from the gas in the cell. Fellowing the first
collision cell, the charged components of the beams were removed by a pair
of electrostatic deflection plates. The neutral carbon beam was then
introduced into the second collision cell, target cell, of 15 cm length.
The pressure of target gas was varied by a fine leak valve between 10
and 10_4 Torr during the measurements. The pressure measurement was made
with an ionization gauge calibrated against a capacitance manometer (MKS
Raratron). The carbon beams emerging from the second collision cell were
separated into their charge components by the second pair of electrostatic
C+

_ 2+ . .
deflection plates. C , and C components were counted with solid-sate
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detectors as well as the primary neutral component.

The cross sections for electron capture and loss were deduced from
the growth rate of the corresponding charge components with the increase
of target density, under the assumption that the single-collision is
satisfied. The uncertainties in the measured cross sections arise méinly
from the following factors; the pressure measurements of the target gas,
the deviation from the single-collision coﬁdition, the measurements of
beam intensities, and the neglect of the excited species possibly included
in the incident neutral carbon beam. The resulting uncertainties from
above effects are estimated to be within 13% for procesées (1), and 10%

for (II) and (I11).

3. Experimental results

Measured cross sections for processes (I), (II) and (III} are given
in Table 1, and plotted in Figs. 1 to 3 with results of previous

1,2)

measurements

Table I. Electron capture and loss cross sections for C in He

Electron capture Electron ioss

C energy GO_I 001 602
(MeV) _(10'18cm2) (10_lécm2) (10_17cm2)
0.3 23.5 2.38 4.61
0.4 23.4 2.38 4,77
C.5 22,7 2.40 4047
0.6 19.0 2.19 4,13
0.7 16.9 2.17 4.20
0.8 14.2 2.18 3.88
0.9 12.5 2,09 3.85
1.0 11.4 2.0z 3.62
1.1 9.186 1.98 3.42
1.2 8.55 1.90 3,40
1.3 7.21 1.88 3.09
1.4 6.82 1.82 3.07
1.5 5.75 1.77 2.99

)

For process (I), as shown in Fig. 1, the results of Togel et al1 for

low-energy cross sections join more smoothly to the present data than that
| )

2 .
of Dmitriev et al Qur results attain peak wvalue at the energy of about

400 keV beyond the high-energy limit of Fogel et al.
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Fig. 2, for process (II), shows that the present results also seem to

he consistent with those of Fogel et all). These results give general
shape of the whole curve of one-electron loss cross sections for neutral
heavy atoms in the wide range of energy for the first time.

For process (I111), as shown in Fig. 3, our results are only the

available data at present.
Up to the present day, there has been no theoretical study dealing

with above three processes Lo compare with our experimental results in

this energy range.
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2.12 CHARACTERISTICS OF GAS STRIPPER CELL FOR PRODUCTION OF
MULTI-GHARGED IONS

Masao SATAKA, Kivoshi KAWATSURA and Kunio 0ZAWA
Department of Physics, JAERI

Collision processes of multi-charged ion impacts on atoms and
molecules are of importance not only in basic atomic physics but in many
other fields such as plasma physics, astrophysics and laser physics etc..
Nevertheless, studies on this process have been performed only recently,
because of the difficulties of production of the multi-charged ions.

Experimental apparatus for production of multi-charged ions has
been constructed at 2 MV Van de Graaff accelerator of JAERI. This
apparatus can be used to investigate the collision processes through
measurements of charge states of jons, X-ray spectra and electron spectra,
etc.. Though the multi-charged lons are produced in the RF ion source
or the PIG ion source of 2 MV Van de Graaff accelerator, the fraction
of multi-charged ions to singly charged ions is so small. Then
multi-charged ions must be produced with use of charge changing
collisions. The collision targets are to be selected from gases or thin
foils. We have selected the gas target because we have found in
preliminary experiment that the effective production with gas target
are larger than that with thin foil tafgets.

A general schematic view of the apparatus is shown in Figure 1.

The apparatus consists of two parts, namely, the gas cell and the charge
selector, each of which is differentially pumped with three independent
diffusion pump systems. The singly charged ions produced in the ion source
are extracted, accelerated (0.3 - 1.8 MeV) and, after enrgy analyzed,
focused in this apparatus. In this apparatus the ions are electron
stripped by the collision of atoms in the gas cell and are magnetically
charge selected in the charge selector.

In Figure 2 shown is a block diagram of the pumping system. The
main parts of this system are made of Type 304 stainless steel and sealed
with use of copper gaskets. The base pressures leO_S, 1.5x10—7, 4x10_8
and 21-{10_8 Torr in the gas cell, chamber A, B and C, respectively, can

be easily attained. A target gas is fed into the gas cell and the gas
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Fig. 1 Schematic view of the apparatus.
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pressure is controlled automatically. The design principle is that no
charge exchange process significantly contributes to the magnetically
selected ion beams, even when the gas is fed into the gas cell. Therefore
gas effused from the gas cell is pumped by two 6" diffusion pump systems
through 5 mm diameter and 100 mm long conduit tubes. In Figure 3 shown

is the gas pressures of chamber A, B and C assigned as a function of

gas pressure in the gas cell. From the figure, it is found that the
pressure differential of 1l0GO was obtained between gas cell and both
chamber A and B.

A magnet is used for the chdrge selector. Radius eof central orbit
of the magnet is 630 mm and the deflection angle is 200. The mass energy
product of the magnet is 18 MeV.amu same as the magnets equipped at 2
MV Van de Graaff accelerator of JAERI. Then, the magnet has a capability
of analyzing the ions which is introduced from the 2 MV Van de Graaff
accelerator. No slit is used because the fine resolution is not required
but the large transmission is.

Using the apparatus, we have performed the measurements of charge
state fractions of helium ions in the energy region between 0.3 and 1.5
MeV passing through the argon gas, as a function of target pressure.

Ion beams were introduced to the gas cell in which the ion beams were
charge-changed by argon gas and then charge-selected by the magnet. The
target pressure was measured by means of a Schulz gauge and an ionization
gauge. The ion beam currents were measured by a Faraday cup. In Figure
4 shown afe the charge fractions of Heo, He+ and He++ in the ion energy
1.0 MeV. The charge fractions show the equilibrium at the gas cell
pressure higher than 5x10_2 Torr. Then the pressure of the chamber C

is about 9x10_7 Torr, the charge exchange Processes contributed to the
magnetically selected ion beams 1is estimated to be negligibly small.
The figure also shows that 66% of He+ beam is changed to He'  beam in
this apparatus and the apparatus works well as expected.

Ion beams of C, N, 0, Ne and Ar atoms are now accelerated at 2 MV
v.d.G. of JAERI. It is also expected that the highly ionized ions of
such atoms are obtainable in the MeV energy range. We intend to measure
the electron and X-ray spectra ejected by multi-charged ion impacts on

atoms and molecules.
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3.1 TIRRADIATION EFFECTS WITH HEAVY IONS ON ALKALT HALIDES (II)

e Lo
GRS

Akira KIKUCHI®, Hiroshi NARAMOTO®® and Kunio OZAWA™™
*Faculty of Engineering, Tbarakl University and **Department

of Physics, Japan Atcomic Energy Research Institute

The use of high-energy heavy ions has been increasingly interested in
the study of radiation damage for the high.efficiency of defect production.
The interactiocn between high-energy heavy ions and solid atoms introduces
radiation damage into insulators along the track of the ions, mainly by
dense electronic excitation process. This process can be visualized espe-
cially in alkali halides because they sustain radiation damage primarily by
the process and the defects produced spread in the irradiated area on a
large scale, although the spread is limited to the range of incident ions.
Heavy ions penetrating into alkali halides are reasonably expected to leave
their tracks and the density of the defects along the tracks varies as a
function of the penetration depth of the ions from the surfacel). The dis-
tribution of defects along the ion tracks can give important information on
the defect production process and can be connected with the energy loss
processes of the incident ions.

In the previous reportZ} the results were given on the direct measure-
ment of the depth profiie of color centers in LiF and NaF crystals irradi-
ated with 180 MeV 63cullt ions. The results indicated that the depth of the
damaged layer was somewhat longer than the mean projected range and that the
region where Li metallic colloids precipitated, closely related to the depth
of the maximum in the electronic energy loss.

In the present report are presented the experimental results on the
depth-dependent distribution of defects obtained from the irradiation by 100
MeV 12¢5% ions in the same crystals. TIn addition to a microscopic approach,
micro-hardness was measured as the indication of the radiation damage. A
theoretical deposited energy curve calculated by the modified E-DEP-1 code?)
was employved for the compariscn of the experimental data on the depth dis-

tribution of the radiation-induced defects.

LiF and NaF crystals obtained from the Harshaw Chemical Co. were cleav-

ed on {100} intc platelets of dimensions approximately 10 x 8 x 1 mm3 .
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Specimens were irradiated at liquid nitrogen temperature with 100 Mev 12¢5+

ions from the JAERT tandem accelerator and received the total dose of 7.0

x 1012 ions/cm2. The temperature of the specimens was estimated to be near
100 X. Trradiation experiments by 1.8 MeV protons were also carried out at
room temperature(RT) using a 2 MV Van de Graaff accelerator to facilitate
the identification of defects in an atomic level. Optical absorption meas-
urements were made at RT in the wavelength region 240 - 700 nm with an
Olympus MMSP-TU system at the measuring spot of 2 pm in diameter. Micro-
hardness measurements in the Knoop test were performed at RT with an Akashi
micro-hardness tester at the applied load of 10g and the period of inden-

tation time was taken to be 30s after the full load was applied.

Fig. 1 shows optical absorption spectra taken at a position of 5, 110

and 140 um from the irradiated surface in the LiF crystal. Absorption bands

Energy(eV)

5.8 2

LiF Irr, with 100 HeV C+5 lons

Uose: 7x!0 E12/cmé
Depth (pm:

1 S—
409 515! 708
Wavelength(nm)

Fig. 1 Depth variation of optical absorptin spectra of LiF
crystals irradiated with carbon ions.
are observed at 250, 380, 444 and 548 nm, ‘which are attributed to ¥, F3, Fp
and F, centers, respectively. A bfoad absorption with half-width of ca. 0.38
eV can be descernible at about 400 nm, as is seen from the curve taken at the
depth of 140 um, being due to Li metallic colloids.
In Fig. 2 are shown both the depth-dependent distribution of radiation-

induced defects responsible for the F, ¥p, F3, Fs, 380 nm and 400 nm bands
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in optical density(solid lines) and the depth distribution in micro-hardness
(open circles). A broken line shows a deposited energy curve for 100 MeV

carbon ions vs. path length,
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Fig. 2 Depth-dependent distribution of carbon ion damage
in optical density and micro- hardness in LiF crystals.

The depth profile of both the F2 and the center due to the Li collolds
attain their maxima at the depth of ca. 120 pm. In compariscn with the ab-
sorption spectrum taken at 140 um, it can be surmised that the precipitate
region of metallic colloids nearly coincides with the depth where the inci-
dent ions deposit their maximum energies in the electronic excitation proc-
ess. The concentrations of F and Fp centers are deep-distributed across the
projected range of 124 um and the depth of the damaged layer is ca. 20%
longer than the calculated range. This suggests some of the subtleties of
the last stage of energy loss. It can be concluded that secondary radiation
causes radiation damage beyond the penetration depth.

The depth-dependent distribution of Knoop hardness seems to be similar
to that of optical density of the 400 nm band, suggesting that the defects
associated with the band is due to a precursor of the colleid production.
The change in relative hardness is ca. 1.29, being small. It can be con-
sidered that the recovery process of radiation-induced defects due to the
rise In temperature during irradiation possibly decreases the hardening

events by colleid nucleation.

In NaF crystals, unlike LiF, some of differences are found in the de-
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tails of the depth-dependent distribution of the radiation-induced damage
but no colloidal band is observed. The damage feature is described by the
non-uniform damage distribution, and the damage level decreases with depth
from the surface. The damage distribution curves yield the penetration
depth of ca. 150 um which agrees well with the calculated value of 147 pm.
The relative increment in hardness is ca. 1.24. Especially in the surface
layer within the depth of about 20 um, the hardness decreases from that of

about 55 kg/mmZ in the unirradiated area.
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3.2 IRRADTATION DAMAGE IN LITHIUM OXIDE

Kenji NODA, Yoshinobu ISHII, Hisayuki MATSUI#*, Mikio HORIKI*,
Naomi OBATA*, Masanobu ARAI* and Hitoshi WATANABE

Department of Fuels and Materials Research, JAERI, *Faculty

of Engineering, Nagoya University

1. Introduction

Lithium oxide (Li20) is a prime candidate of tritium breeding blanket
materials of an experimental fusion reactor designed at Japan Atomic Energy

Research Institute (JAERI)I).

During operation of the fusion reactor,
severe irradiation damage will be introduced in LiZO by neutrons with ener-
gies up to 14 MeV, tritons (2.7 MeV) and helium ions (2.1 MeV) produced by

6

Li(n,a)3H reactions. Recently, the swelling of Li, 0 sintered pellets has

2
been observed in a fast-neutron irradiation test using EBR-II (fast breeder
reactor)z), although the neutron spectrum of EBR-IT is different from that
of the fusion reactor. Sco, knowledge of irradiation defects is required to
evaluate the irradiation integrity such as swelling under the irradiation
condition of fusion reactor. In order to understand the irradiation defects
in LiZO, the defects have been studied using thermal-neutron irradiation

and oxygen—-ion irradiation3_6).

In the production of irradiation defects in Li, 0 as a tritium breeding

2
blanket material of the fusion reactor, oxygen atoms are displaced as one
kind of primary knock-on atoms.(PKA) by the fast neutrons, tritons and helium
ions due to 6Li(n,a)3H reactions. By this PKA many irradiation defects are
introduced. Comnsequently, oxygen—-ion irradiation is essential to investigate
the production of defects. 1In this study, the production process and the

fundamental properties of the irradiation defects in Li, 0, irradiated direct-

2
ly with oxygen ions as one kind of PKA, were investigated by the optical

abserption method.

2. Experimental

Specimens used were Li,0 single crystals. The single crystals were

2

grown from Li, 0 sintered rods by the floating zone method, using an infrared

2
imaging furnace in an argon atmosphere. The detailed procedure was described

7)

elsewhere The single crystals were cleaved on a {111} plane or cut with
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a diamond cutter into disk specimens (about 0.5 mm %6 mmp) for optical ab-
sorption measurement. These specimens were heated at 1270 X for 5 to 10 h

in a vacuum better than l><lO_3

Pa to decompose LiOH and LiZCO3 at the surface
of the specimens and to remove the residual strain.

Oxygen—-ion irradiation was carried out using a tandem accelerator or
a 2 MV Van de Graaff (VDG) accelerator at JAERI. In case of the tandem
accelerator irradiation, the specimens were irradiated to a fluence from
lO18 to 1020 ions/m2 at an ion energy of 100 MeV. In case of the VDG
accelerator irradiation, the irradiation was done to a fluence in the range
from 7X1020 to 1.9XlO21 ions/mzﬁat energies from 0.5 to 1.25 MeV. After
the irradiation, the optical absorption measurement was made at room tem-

perature with Cary model 14 R.

3. Results and discussion

Fig. 1 shows optical absorption

0 singl )
) 51n§ e crystaig Phaten Energy (eV)

irradiated to 3XlO1 and 4X10 ionS/m2 6 5 4 3 2
4 L T i |

spectra of Li

by oxygen ions with an energy of 100
MeV. A remarkable absorption band was
observed at about 310 nm in wave length,

in addition to the fundamental optical

absorption edge below 250 nm. The

{arbi,)

9.
intensity of the 310 nm band increased 3x107 ions/m?

r
]

with the ion fluence in the examined

18
fluence range. Besides the 310 nm band, 4 x10'® ions/m?

relatively weak bands at 375 and 570 nm

Oplical densily

were observed at the high fluence.
These three bands were also observed

0 single crystals and the sin-

2
tered pellets irradiated from 1019 to 00?* ﬁo : 450 : eéo

1022 thermal neutrons/m2 in JRR-2 or Wave Length (nm!}

_43)-

for Li

The 310 nm band was determined

+ .
to be F -centers (an oxygen—-ion vacancy Fig.l Optical absorption spectra

trapping an electron) from the follow- of LiZO irradiated to 3X1019 and

ing experimental result. The isochronal 4x1018 ions/m2 by oxygen ions with
annealing behavior of this band is quite an energy of 100 MeV.
similar to that of F+—centers observed

with ESR method for Li, 0 irradiated by

2
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5)

thermal neutrons and by oxygen ions, as shown in Fig. 5.

In case of oxygen—ion irradiation using the VDG accelerator, the 310 nm

band was also observed for the specimens irradiated to a fluence from 7X1020

to 1.9X1021 ions/m2 at the ien energy range from 0.5 to 1.25 MeV. At the
high fluence, the weak 570 nm band was observable in addition to the 310 nm
band.

Fig. 2 shows the relationship between the intensity of the 310 nm band
and the incident ion energies at various fluences. In this figure, typical
examples of the intensity of 310 nm

band for the specimens irradiated by

the tandem accelerator are shown as

well as the data obtained with the o : 195107 ions/m? i
VDG irradiation. The intensity in- 10 @ 1 £10% oms/m?
a ;7 x10%ions/m?
creased considerably with the incident m 3 110 ions/mt .
—— . 9.
ion energy. From such a large energy < O ;2 210" ions/m?
dependence of the intensity, a large -
+ —
number of the ¥ -centers can be con- 2 o5
w
jectured to be introduced not only by =
displacement due to nuclear collision
but also by a certain mechanism asso-
ciated with the electronic excitation 4 ] | b
% 05 10 15 7 100

process due to the incident oxygen Incident Ton Ene (MeV ]
ncident Ton Energy

ions, as described below. Fig. 3

shows electronic and nuclear energy Fig. 2 Intensity of the 310 nm band

losses as a function.of oxygen ion as a function of the ion energies.
energies. The electronic energy loss

increases considerably with the energy,

while the nuclear energy loss increases very slightly. This suggests that
displacement per atom (dpa) due to the nuclear energy loss (nuclear collision)
in Li20 irradiated with oxygen ions does not so change with the incident ion
energy. Fig. 4 shows dpa as a function of the depth from the surface of the
gspecimen along the incident ion beam, which was calculated by E-DEP-81 codes)
on the assumption that displacement of atoms in LiZO during the oxygen—ibn
irradiation was attributed only to the nuclear collision. Although the
projected range increases considerably with the incident ion energy, the
integrated dpa from the surface to the projected range increases very slight-

ly. The ratic between the integrated dpa at 1.25 MeV and that at 0.5 MeV
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is about 1.1, and even the integrated
dpa at 100 MeV is only 1.8 times as
large as that at 0.5 MeV. By such a
slight increase with the energy, it
is difficult to explain the large
energy dependence of the intensity in
Fig. 2. On the other hand, the
electronic energy loss increases
considerably with the incident ion

When, the

Energy Loss [ MeV )

energy, as shown in Fig. 3.

+ .
F —centers are assumed to be introduced
by a certain mechanism associated with

the electronic excitation process, the

large energy dependence in Fig., 2 can Fig.

be explained easily. Especially, it

can be well understoed that the number ion

+ , . . .
of F -centers in L120 irradiated to

only 2><1019 ions/m2 at the incident
energy of 100 MeV is larger than that
at 1.25

irradiated to l.9><102l ions/m2

MeV. Thus, the electronic excitation

process is considered to play an impor-

— i Electronic

—— i Nuclear

Em

Incident lon Energy [ MeV )

3 Electronic and nuclear energy

energies.

100 Mev

losses as a function of the oxygen

tant role in the production of irradi-

{erbi.)

ation defects in Li,0 irradiated by

2
oxygen ions.

D. P A,

for Li.0 irradi- 2

On the other hand, 5
8 60

ated to 2.4><104 C/kg (10~ R) by
the 310 nm band and the ESR

Co ]

¥-ray,

+ .
spectra of F -centers were not ob-
3,5)

served”’ This implies that.the

defect preduction due to the electronic
excitation process hardly occurs during
y~ray irradiation as in alkaline-earth

9)

oxides

the production mechanism of irradiation defects in L1

is required.

125 MeV
+ 075 MeV
P 05 MeY

79

Depth (pum}

, in contrast with the case of the oxygen-ion irradiation.

2

Fig. 4 Relationship between dpa

To clarify

The recovery behavior of the 310 nm band (F+—centers) and the 570 nm

due to nuclear collision and depth.

0, further investigation

band was investigated by the isochronal and the isothermal annealing methods.
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In the isochronal annealing experiments,

ig

the specimens, irradiated to 7%107 7,

3%10%? ana 1.35%10%9

energy of 100 MeV, were heated at each

, 2 .
ions/m” at an ion

annealing temperature for 1800 s and
the temperature was raised stepwise to
670 K at intervals of about 50 K. The
defects in the former two specimens
were observed with the optical absorp-
tion method, while the F+-centers in
the latter specimen were detected by
the ESR method, 5 shows the

the 570

Fig.
intensity of the 310 nm band,
nm band and the ESR spectra of F+—
centers normalized to those before the
annealing as a function of annealing
temperature. Both the 310 nm band and
the ESR spectra of F+—centers began to
decrease at about 520 K and alwmost
disappeared at about 670 K. On the
other hand, the 570 nm band increased
once around 420 K and vanished at about
670 K.

In Fig. 6 the above results are
compared with those in case of the

specimens irradiated to 4x1020 and

2.2x1021 3).

temperature at which the recovery

thermal neutrons/m? The
occurred shifts to the high temperature
side in case of the specimens irradiated
by oxvgen ions in the present study.

. + .
The concentration of the F -centers in
8

LiZO irradiated to a fluence from 7><lO1

to l.5x1020 ions/m2 by oxygen ions with
an energy of 100 MeV can be estimated
to be higher than those irradiated to
&)

the above thermal-neutron fluences

The recovery of high concentrated

- u]
b .A
o o
10 =B ® O 2{0Onm band —20
S~ b
L T~ (F¥=Center)
- o] l \\.
:-u_: [= BN
S I i
-E L \
= “o
A o
- r A !
2 ]
= 05 A 4— b =10
£ } a )
S 1
= 570 nm band 1
L 1
4
L a \
A
L ok
L ]
olog ' ' ! ] 0
0 200 600 800

Annealing Temperature (X

Fig. 5 Behavior of the 310 nm band
(F+—centers) and the 570 nm band in

isochronal annealing experiments.

O, 2\ 3x10%2 ions/mz, @ 7x10"8

ions/mz, HE l.5><lO20 ions/mz.
310 nm bend
(.0} <
Cxygen lon
= Irradi.
= Regclor Irradi.
B05F
= 1431070/
£
=
2.2x10% n/m?
0 % 1 ] o
0 400 §00 800

Anmdhg'ﬁmmmMm (K}

Fig. 6 Comparison between isochronal
annealing behavior of the 310 nm band
in oﬁygen—ion irradiated specimens

and that in thermal-neutron irradiated

specimens.
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+ . . .

F -centers is delayed in comparison e : STBK

with that of low concentration. From a i 600K
O . 628K

this consideration, decrease in the

+ . .
F -centers during the annealing seems

to be attributed not to the formation =
of F aggregate centers by gathering é
the F+-centers but to the annihilation i .
of the F+—centers-by migration of %
oxygen interstitial atoms from the E
surrounding. : 0.2+ Flyence : 28107 ions/m
Fig. 7 shows the behavior of the
310 nm band in the isothermal annealing 05 IB zb 30
experiments at 578, 600 and 628 K for Anneating Time (10° - s
the specimens irradiated to 3;8X1019
ions/m2 by oxygen ions with an energy Fig. 7 Behavior of the 310 nm band
of 100 MeV. In the experiments, the in isothermal annealing experiments.

activation energy for recovery of the

+ .

F -centers was determined to be 135

kJ/mol. This value is in very good agreement with the activation energy for

5)

+ . . . .
recovery of the F —centers in L120 irradiated by thermal neutrons
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3.3 IR, UV,and ESR Studies on Polyvinylidene Fluoride Irradiated

with Heavy Ions.

ES * Stk
Yoshihide KOMAKT, Shinichi CHNO, Norio MORISHITA, Tadao
L
SEGUCHT.

o e

ES Kk
Department of Chemistry and Takasaki Radiation Research

Establishment, JAERI.

Introduction

In the polymeric track detectors, the products along the trajectories
of heavy ions have been left wvague, although there has been a few of discus-
sion about polycarbonate and polymethylmethacrylate%) The examination is
indispensable for the production of heavy icn track microfilter. Effects
of heavy lons irradiation on polyvinylidene fluoride(PVDF)were studied by

IR, UV,and ESR measurements in comparison with that of y~-ray irradiation.

Experimental

Samples were the commercial PVDF films of 9 and 100 um in thickness.
The 9 and 100 ym thick films were irradiated with the Au13+ions(200 MeV)

+
and with the NilO ions (150 MeV), respectively.

Results and Discussion

The IR spectra of irradiated PVDF are shown in Fig. 1. The absorption
at 1710 cm_lincreases by Au13+irradiation in vacuo, and the absorption at
1750 cm_lincreases by Au13+and v=ray irradiation in the presence of oxygen.
Though the former absorption had been already assigned to the dcuble bond
formed in the molecular chains%)this was also confirmed from the decrease of
the absorption by the reaction of double bonds with bromine and the.exposure
to UV in oxygen. On the other hand, the absorption at 1750 cm_lwas assigned
to a carbonyl group, because it increased by the irradiation in oxygen and
decreased by the etching with alkaline solution.

The UV spectra are shown in Fig. 2. The spectrum en the Aul3+irradiated
sample is rather smooth but with & shoulder at 225 um as compared with that
of y-ray. Several peaks owning to the conjugated double bonds such as diens,
triene,and so on, were clearly perceptible in the range 200-400 nm on a low
dose of y-ray irradiaticn, but they smeared out at a high dose. This smear-

ing effect was caused by the decrease of crystallinity. Therefore, the smooth
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spectrum in the Au13+irradiated sample would be reflecting the conjugated
double bonds trapped in the defected crystallites.

The ESR spectrum of Nil'Tirradiated PVDF is shown in Fig. 3. This is
resemble to the spectrum of high dose of eray?)but it was difficult to com-
pare precisely to each other because the temperature of Ni10+irradiation
was higher than that of y-ray. The spectrum means that the radicals are
trapped in the conjugated double bonds.

Tn tentative conclusion from IR,UV,and ESR measurements, the heavy ion
irradiation induced many double bonds in a heavy ion track by the formation

of conjugated double bonds and by the decrease of the crystallinity as seen

in PVDF received high decses of y-ray. The free
100

T I ! I radicals trapped in the conjugated double bonds
’\’yn‘_f~;;Z;;;w_—\\ react with oxygen in the presence of oxygen, and
8G the oxydized products can be easily dissolved in
100 the alkaline sclution.
+
80 SXIOIO/CmZ
100
150 MeV,
= .
8 Y, 12 02 NilOT
0 0 .
3 7x10 " Rad 6.3x1010/cm2
=] jn
€] .
5 2 50G
=
& AulST in air —
1
o
U !
0 200 300 400 500
W
~ “’H\\\\\/”_\/rJ’\\\ Wave length, nm
in NaOH
H I L i
1800 1700 1600 1500 . . .
Wave number,cm—i Fig. 2 UV Spectra of Fig. 3 ESR Spectrum
PVDF irradiated at 77K of PVDF
Fig. R ¢
lg. 1 IR Spectra of with the Aul>" irradiated with
PVDF. . . L0+,
ions and ¥ ray. the Ni ions.
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3.4 RESIDUAL RADIOACTIVITIES IN SILICON AND GERMANIUM
IRRADIATED WITH VARIOUS HIGH-ENERGY HEAVY-IONS

Eiji SAKAT and Hideo NAKATANI*

Department of Reactor Engineering, JAERI,

*#Faculty of Engineering, Toyama University

Semiconductor detectors are known to be sensitive to radiaticn damage
which might be annealed by heating at an elevated temperature. In high-
energy heavy-ion detection with semiconductor detectors, nuclear reactions
can be expected in the semiconductor materials themselves to increase back-
ground counting rates due to long-life radiocactivities produced and these
radicactivities can nct be annealed by heating. In order to evaluate the
amount of background-counting-rate increase in semiconductor heavy-ion de-
tectors, we started to measure high-purity Ge gamma-ray spectra cbtained
from the semiconductor wafers(25 mm diameter, 0.3 to 1 mm thickness) which
had been taken ocut of an irradiation chamber after a heavy-ion irvadiation
at 77 K. The spectra were analyzed to identify the induced gamma-ray emit-
ting nuclides and to calculate their radioactivities, their numbers of

atoms at the end of the irradiation and also the numbers cf atoms per inci-

dent ion.

We had already made the irradiations with 50 Mev 183%) 100 mev *2c°F,
100 Mev 180%7. 150 vev 32c1%F, 150 sev %i%F, 180 mev BcullT, 150 Mev 117
In10+ and 80 MeV 12717+. Some of the results were reportedl).

+
In this fiscal year(1984), the irradiations with 120 MeV l607 {August

30, 1984), 170 MeV ' aul?(seprember 19, 1984), 70 Mev 108*(November 28,
19843, 150 Mev “osi’T 209, 14+

1985) were carried out. Some of the results obtained on Si, Ge and Cu are

(January 10, 1985) and 195 MeV (January 24,
summarized in Tables 1 and 2. The results on Cu were obtained from the
mounting plates which placed Si or Ge wafers onto the cold finger. Long-
life radiocactive nuclides such as 22Na(2.602 y) in Si, 75Se(118.45 d) and
88Y(106.61 d) in Ge were observed. These radicactive nuclides will increase
background counting rates of the semiconductor detectors and will make it
difficult to use the detectcrs thereafter even after an annealing operatiocn

has been performed. An only method to remove these radicactive nuclides is

“etching. The production of radiocactive nuclides is also important to manu-
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The depths of the buried layers from the surface will be 1
der to avoid any radioactivity production by keeping the energ

facture buried layers deep into semiconductor materials by the ion implan-
tation.
lant ions below the threshold energ

1) E. Sakai: IEEE Trans. Nuel. Sci. NS=31 (1984) 316.
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3.5 X-RAY DIFFRACTION TOPOGRAPHIC OBSERVATION
OF SILICON SINGLE CRYSTALS
IRRADIATED WITH ENERGETIC HEAVY IONS

Hiroshi TOMIMITSU, Yukio KAZUWMATA and Eiji SAKAL™

Department of Physics: *Department of Reactor Engine-
ering, JAERI

i1.Introduction

The tlattice disorder induced by ion-bombardments has been studied by
X-ray difiraction topcgraphy (XDT), which detects sensitively the feature
of the imperfecticns caused by the irradiation and records the difference
between the damaged and the undisturbed parts within the specimen crystal
through the interference effects. Schwuttke et ali) have shown that the
disorder concentrates at the very thin layer within the stragglings of the
ranges of projectiles on the bombardment of Si crystals by 2 MeV N, B or P
ions (dose: more than 16151on5fcm21, while the upper and lower parts of the
specimen crystal separated by the very thin iaver remain perfect. Further

2)

study by Bonse, Hart and Schwuttke finds the interference fringes arising

from the two perfect regions separated by the very thin laver.

3) has also reported the following

One of the present authors(HT)
results by the conventional XDT-observation in Si single crystals ir-
radiated with 150 Mev Ni°'
scopically deformed as a whole, 2)they sustained heavy strains which were

concentrated at the irradiation boundaries. and 3ltwo kinds of

S+ . .
and Ci ions:y 1)the specimens were macro-

characteristic and systematic fringes were seen in the irradiated areas.

However, the nature of the systematic fringes seemed to be quite different
2)

from that reported by the previous authors® . One of the present
authors(HT)4) subsequently reported that the Si wafers irradiated with 58
tleV 83+ and 100 MeV C5+ ions showed only the marginal strains concentrated

at  the irradiation boundaries, without macroscopic deformation or
systematic fringe.

We have made further measurements on the specimens irradiated with 70
vev B¥. 120 wev 0. 150 Mev si%* and 169 Mev aul®t

fiscal vear(1984). The present article briefly summarizes the results of

ions in the last

the XDT-observation on those heavy-ion-irradiated Si single crystals.
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2.Experimental Procedure
The silicon single crystals used in this experiment were grown by Cz.

method along the [0011 direction. The crystals had the resistivities of
11~25 O.cm by doping B. They were sliced parallel to the (001) plane, then
chemically etched and mechanically polished inte “mirrors”, the resultant
thicknesses being 0.3~0.4 mm. The Si wafers were then cut into rectangular
pieces of about 3x3 cm2. The X-ray diffraction topographs of these original
5i wafers showed no significant contrast, and indicated that they are very
perfect. The present authors are much indebted to Dr.T.Masui of the Shin-
Ftsu Handotai Co. Ltd., for his kind offering of the silicon wafer used in
this experiment.

The ion-irradiations were carried out with the tandem accelerator
operated around 15 MV, on which ions were accelerated up to 1600 MeV and
more. The irradiation conditions are summarized in Table 1, which includes
the irradiations made in the last fiscal vear 1984 as well as in the past.
The Si wafers wefe partially covered with specially designed Al- or Mo-
masks to obtain the definite analysis. They were mounted on a Cu-supporter
cooled with liquid nitrogen during the irradiation.

Table 1. Irradiation Conditions
Names of Ions Energy Current Period Dose
(MeV) (nA) {hrs) xIOISions/ng_
g+ 58 25 4.5 10
* 10gd+ 70 30 4 11
125+ 100 165 3.5 50
16g7+ 120 140 7 70
285,94 150 50 5.5 12
3509 150 450 2. 57
81t 150 20 3, 5
* 169513 169 50 4

% The irradiation was made during the fiscal year 1584.

Since the ranges of such high energy ions are as long as several tens
of um or more, one could expect to observe the irradiation-induced changes
in the specimens more easily using conventional - XDT-observation. The XDT
was carried out with a fine focus X-ray generator having the effective
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focus size of 0.1x0.1 mm2, which was operated at 50 kV with 1.3 mA by the

use of Cu or Mo target.

3.Summary of ResUlts ‘
As already described in section 1. two different types of irradiation=

effects have been revealed by one of the present author(HT)3’4) through
XDT-observation. The very faint, black-and-white contrasts, indicating the
lattice strains, were observed at the irradiaticn boundaries in the case of
the irradiation with B and C ions. Besides this characteristic contrasts,
by the bombardment with Ni and ¢l ions, the systematic fringes in the
irradiated areas and the macroscopic deformation of the specimen crystal
were detected.

On the basis of these results, some S5i wafers under various Iir-
radiation conditions shown in Table | were surveyed to see which type the
irradiation-effect belong to, by the conventional XDT. The results are
summarized in Table 2, where the mark "0" means the detection of the image,

and "X" undetection.

Table 2. Summary of the XDT-Observation

Ions Enerqgy Dose Results
(MeV) xlOlSiong/cm2 Marginal-Strain | Deformation | Fringe

liga+ 58 10 X X X

x| 10g4+ 70 11 X X X
2¢5+ | 100 50 0 X X

x| 8™ | 120 70 0 X X

x| %si% | 150 12 0 X X
351%™ | 150 57 0 o 0
1% 150 5 0 0 0

x| 19013 69 9 0 0 0

* The irradiation was made during the present fiscal year [984.

From Table 2 the followings are clearly seen;
1) The irradiation with lighter ions gives no characteristic image (B
casel or only the faint black-and-white contrasts at the irradiation

4+

boundaries, a typical example being shown in Fig.l.
2) On the other hand, the systematic fringes within the irradiated areas
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Fig.1 Example of X-ray diffraction Fig.2 Example of systematic fringes
topograph of Si wafer irradiated within the irradiated area observed
with Si9+ ions of 150 MeV and the in the topograph of the Si wafer
dose of 12x10!3 ions/cm®. Only the  irradiated with 169 el Au;3+ ions of

faint black-and-white contrasts are the dose of 5x10°" ions/cm”™. Mo-Kgl
visible at the irradiation boundary, radiation with 440 reflection were
indicated by arrows.Mo-K,; radiation used.

with 220 reflection was used.

and the macroscopic crystal deformation appear in the case of the irradia-
tion with heavier ions, in addition to the black-and-white contrasts, as
typically shown in Fig.2.

Further investigation is in progress with respect to the effects of
the dose, the ion range and so-called "dpa".
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3.6 RADIATION DAMAGE OF MATERIALS
ION-IRRADIATED AT LOW TEMPERATURE

Saburo TAKAMURA*, Hiroshi MAETA* and Mamoru KOBIYAMA**

* Department of Physics, JAERI

**% Faculty of Engineering, Ibaraki University

1. Introduction

A low temperature ion-irradiation cryostat was constructed. The
objective of irradiation experiments using the cryostat is to investigate
the behavior of radiation induced defects in materials after ion-irradiation
at low temperature. The ion-irradiation, in compariscn with neutron and
electron irradiastions, can induce the point defects of high concentration
in materials.

Since the interstitial, which is a kind of the elementary defects in
radiation induced defects, migrates at very low temperature, the investiga-
tions of point defects in irradiated materials need to be performed at low
temperature.

The following experiments will be performed using the low temperature
ion-irradiation cryostat:

1) The properties of point defects induced by high energy ion-irradiation.

2) The recovery processes for radiation induced defects of high cencentra-
tion.

3) The depth prefile of defects produced by ion-irradiatiocn and the
annealing effect of the depth profile.

4) The mechanical properties of ion-irradiated materials at low temperature.

5) The structure of implanted materials and a change in the structure due

to annealing processes.

In this paper, the construction and test of the cryostat are described.

2, Experimental apparatus

Figure shows a general lay-out of the low temperature icn-irradiation
cryvostat. A small chamber in the cryostat is ccoled by liquid helium
which is supplied through a flexible tube from a liquid helium vessel.

The sample holder with hexagonal pillar fits on the small chamber by means

of a pin. The samples are set on five planes on the sample holder. The
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jrradiation cryostat was constructed to allow five samples to be irradiated
sequentially at low temperature. The rotation of the sample holder is
operated by a motor. For the jion-irradiaticen, the first sample is position-
ed to the irradiation place and, after the first sample is irradiated, the
small chamber rotates to bring the next sample into the irradiation place.
By removing the pin, the sample holder with samples drops from cryostat
into a transporting liquid helium vessel conrnected to the ion-irradiaticn
cryecstat. A small vacuum—-insulated metal bucket is set into the transport-
ing vessel and, after transporting the vessel to the experimental room,

the bucket is lifted up in the box in an atmosphere of helium gas and then
it is hung down into the liquid helium of the measuring Dewar. In the
Dewar, the samples are remcved from the sample holder and the measurements

are performed.

3. Irradiation experiment

The preliminary experiment was performed by using the irradiation of
90 MeV 06+ ions. The following experiments were made; the measurement of
the ion beam current, the rotation of sample holder to irradiate several
samples, and taking out the sample holder with samples without warm-up
after irradiation.
So far as we know, this is the first cryostat from which the samples
get in vacuum can be taken out without warm-up.
The content of experiment in radiation damage using the irradiation
cryostat is as follows:
1} Internal friction measurement in Al alloy (by Takamura and Kobiyama) .
2) Lattice parameter measurement by X rays in Al crystal (by Maeta}.
3) ESR measurement of NaF crystal (by Kazumata).
4) Structure change of polyvinylidene film {by Komaki) .

These experiments after ion-irradiation are in progress.
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3.7  TRACK FORMATION IN EVAPCRATED FILMS OF
GERMANTUM, SILICON AND TITANIUM

Shigemi FURUNO, Kazuhikc IZUI and Hitoshi oTsy

Department of Chemistry, Japau_Atomic Energy

Research Ingtitute

High energy ions dissipate most of 'thelr”;energies in electiren

excitations. Through this electron exc1tatlon process these ions produce

their +tracks in some 1insulating or sem1condu” ng.. materials.  The

observations of the structure of tracks are 1mportant from the fundamental

standpoint to elucidate the mechanlsm of track formatlon. In this report,
the tracks of ions in the evaporated-fllms of tltanlum, gilicon and
germanium are shown and mechanlsm for track format1on is 1nvest1gated.

Thin films of t1tan1um, 51llcon and germanlum of 50 A in thickness
were prepared by vacuunm evaporatlon..-These specimens were set on the low
temperature stage cooled by'liduid nitrogen. lrradiatfon was performed
with 207 MeV Au'®" ions with the 1nc1dent angle of about 10° to the
surface of the specimens. After 1rrad1at10n the spec1mens were observed
at room temperature with an electron microscope of JEM-100C type operating
at 100 kV. i -

In titanium Kand silicou, the tracks %of ZOﬁfaMeV aut?t ions are

PO

observed as shown in flgures (a) and (b),h Corresponding energy

i

depositions  (dE/dx) are 2, 600 eV/A for!thanlum and 1,700 eV/A for

gilicon. For energy'depos1t10ns smaller th_ fthe above mentioned values,
no track was observed as reported already ) . In germanlum, there are also

observed ‘the tracks of 207 MeV Au'®t icns "of 330 5 in width. The

experimental results are summarized in table 1 together with the previous
datal’z). These results clearly show the effect of energy depcsitions on
the track formation. The track width increases with increasing the energy
depositions.

In the case of germanium, 1t was reported that the tracks consisted
of small crystallets of about 100 A in diameter, and  this
recrystallization along the tracks was considered to arise from the

thermal spike effect due to the energy dissipated in  electron

2)

excitations®’. 1In this report, mechanism for track formation is discussed
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Fig. 1 Tracks of 207 MeV Au*®*.  (a): tracks in titanium and
{b): tracks 1in silicon.
Table 1 Ions and specimens used in the irradiation experiments, some
parameters and experimental results.
Ions Specimens | Melting points dE/dx | Widths of | References
of specimens(°C) (eV/R) | tracks(R)

150 MeV In Ti 1,820 1,900 | invisible (2)
207 MeV Au n i 2,600 100
150 MeV In s5i 1,415 1,200 | no track (2)
207 MeV Au " " 1,700 70
100 MeV O Ge 958 130 no track
128 MeV C1 n n 530 80 {1)
143 MeV Ni " n 1,100 100 {2)
150 MeV In " n 1,800 170 (2)
207 MeV Au " " 2,600 230

in terms of

considering energy distribution

various

energy transfer from electrons to the lattice.

collision processes

a time dependent line

source model?)

of these electrons

which was

proposed by

of secondary electrons excited by an ilon,

and relaxation time

If electrons release their

energies to the lattice at the rate, Q(t), then the temperature T(r,t) at

a normal distance r from the line source at the time t is given by

T(r,

t)

4 K

1 t Q%)
jo t-t!
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Q(t) = - e nA(ét+€o'l/2)_3 (2)
dt 2
where K 1is the thermal conductivity, . D is the thermal diffusion
coefficient, A is a constant characteristic of the materialsa), de/dt is
the energy loss rate of an electron due to electron-phonon collisions“),
€0 is the initial energy which an electron receives from incident ion and
n is the number of electrons contfibuting to the thermal spike per unit
length along this line source and these electrons are assumed tc have the

same initial energy.

T(r,t)°C
w=1,000 eV/A
1,500 ¢
w=700 eV/K
1,000 P
500 F w=500 eV/E
L L )
0 5 10 15

t x10~*2 sec.

=]
Fig. 2 Temperature variations at distance of 50 A from a heal source

with w=500, 700 and 1,000 eV/A.

T(r,t)°Ck
1,000 F w=1,500 eV/A
w=1,000 eV/A
500 |
=700 eV/A
| J
0 g 10 15

t x1071% sec.

Fig. 3 Temperature variations at distance of 100 A from a heat source

with w=700, 1,000 and 1,500 eV/A.
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Applying this model 1o the case cof germanium, temperature T were
calculated as a function of time t. In this calculation r and w were taken
as parameters, where w=n€¢ 1s total energies of electrons which contribute
effectively to the heat source. The calculated results for the cases of
r=50 and 100 R are shown in figures 2 and 3 respectively, where w's take
the values of 500, 700 and 1,000 eV/A for r=50 A and 700, 1,000 and 1,500
eV/A for r=100 A Recently picosecond laser pulse irradiation experiments
have proved that melting or conseguent recrystallization occurs within
several picoseconds). The melting point of evaporated films is considered
to be lower Dy a few ten percent’ than that of crystallines). From these
facts, the time of duration necessary for melting is considered te be
5x107'? second and the melting point is assumed to be 700 °C. Then it is
deduced from the calculated results that the snergiss of 550 and 1,200
eV/E are necessary to raise the temperature above the melting point within
the cylindrical regions with the radii of 5C and 100 E respectively.

Crn  the other hand, the experimental results show that the energy
depositions necessary for the formation of the tracks with the width of
1700 and 200 3 are 1,100 and 2,200 eV/E respectively. In this case the
values of 200 E in diameter and 2,200 eV/K are estimated from the
interpolation betwsen the data of the irradiations with 150 MeV In!'®* ions
and 207 MeV Au'®' ions. From the comparison between the estimated values
for w's and the experimental values for dE/dx in the case of the tracks of

100 and 200 3 in width, 1t can be conecluded that about half of the energy

dissipated intc electron excitations contritute to the thermal spike.

References

(1) 8. Furuno, K. Izui and H. Otsu: "JAERI TANDEM Annual Report 1983",
JAERI-M 84-129 (1984) 44.

{(2) 8. Fﬁruno, H. Otsu and K. Izgui: "JAERI TANDEM Annual Report 1982",
JAERI-M 83-095 (1983) 43.

(3) K. Izui: J. Phys. Soc. Jpn. 20 (1965) 915.

(4) TF. Seitz: Phys. Rev. 76 (1949) 1376.

(5) G. A. Rozgonyi, H. Baumgart, F. Phillipp, R. Uebhing and H. Oppolzer
¢ Laser and Flectron-Beam Interasctions with Sclids (North-Holland,
New York, 1982) 177.

(6) M. Blackman and A. E. Curzon: Structure and Properties of Thin
Films, (Jchn Wiley and Sons Inc., New Yerk, 1959) 217.

—103—



JAERI-M 85-104

3.8 TEM Observation of Cascade Damage Structure in Pure Nickel

Shiori ISHINO, Hiroshi KAWANISHI, Naoto SEKIMURA,
¥ %
Shozo HAMADA and Tomotsugu SAWAIL

Department of Nuclear Engineering, University of Tokyo

*
and Department of Fuels and Materials Research, JAERI

It has been pointed out that radiation damage in the first wall
materials is one of the critical'problems in develcping fusion reactors.
Characteristic features of radiation effects by 14 MeV neutrons can be
divided into two points, i.e. (1) nuclear transmutation, and (2} atomic
displacement with high energy cascade, In the present study, cascade
damage in pure nickel has been examined by utilizing 150 MeV self ions
from JAERI tandem accelerator. This enables us to observe the defect
structure free from the effect of specimen surface,

The material used is Marz Grade pure nickel (99.995 %). The samples
are annealed at 1023 X for 30 min in a high vacuum followed by the irradi-
ation with 150 Mev Ni'%*
the extended E-DEP-1 code shows that the peak of the displacement damage

ions at ambient temperature., The calculation by

is situated at the depth of about 10 um from the specimen surface, in
which stopping power data given by Northcliffe and Schilling are used,
Specimens for TEM are prepared by the cross-section method to cbserve the
depth dependent change of the microstructure directly.

Detailed observation of the microstructure by TEM has been carried
out only on the specimens irradiated up to the fluence of 5.2 X 1012
particles/cmz, which produces 0,011 dpa at the damage peak. No radiation-
induced defects are detected from the surface to the calculated damage
peak. However, stacking fault tetrahedra (SFT) images of about 5 nm are
observed at the depths of 11.7, 11.8 and 12.4 um, It may be said from
these results that the stopping power data given by Northcliffe and
Schilling are cverestimated, even if one takes into account the errcr in
the estimation of the depth from the ion indident surface. Some images
consist of the aggregation of several 3FT's, which indicates the sub-
cascade formation. The density of SFT is found to be very low compared
with the results obtained from 14 MeV neutron irradiated nickel up to 0.01

dpa. This can be attributed to the difference in the PKA energy spectrum.
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3.9 Irradiation Induced Defects of Dual Phase (Austenite

and Ferrite, Dupléx) Stainless Steel

Nachiro IGATA, Kazuya MIYAHARA, Shinji SATO, Shozo
% %
HAMADA and Tomotsugu SAWAI

Department of Materials Science, University of Tckyc

*
and Department of Fuels and Materials Research, JAERI

The microstructural evolution of the irradiated steel is affected by
its crystallographic structure, It is, therefore, impertant as a funda-
mental research for developing fusion reactor materials te investigate the
effects of the crystalleographic structure on the cascade and/or secondary
defect formation and on cther microstructural evolution of the materials
irradiated with high energy particle. Duplex steel has austenitic phase
(fcc phase) and ferritic phase (bcc phase) of almost same chemical
composition. So, in the present work, it is intended to investigate the
effects of the crystallographic structure on the defect structipre of the
duplex steel irradiated with heavy ions in JAERI tandem accelerator, using
electron micrescope and positron annihilation measurement technique. As a
preliminary experiment which is associated with this research, the both
phases of the duplex steel was irradiated and examined in HVEM, The void
swelling peak temperatures of the austenitic phase and ferhitic phase are
873 and 623 K, respectively. And the peak void swelling of the austenitic
phase and ferritic phase are 6 % and 3 % at 20 dpa irradiation,
respectively, Furthermore, the steel was irradiated with 190 MeV Ni-ion
and 60 MeV C-ion using JAERI tandem accelerator and the specimens for TEM

were prepared by the cross-section method. The specimens are now being

analyzed.
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3,10 NEAR SURFACE MODIFICATICON CF a2-Al,0, BY Nt IMPLANTATION

Hiroshi NARAMOTO, Clark W. WHTTE®, James M. wILLIAMS®,
Carl J. McHARGUE™®, Kunio OZAWA and Bill R. APPLETON

Department of Physics, JAERI, ¥*Solid State Division and

*¥Metals & Ceramics Division, ORNL

1. Introduction

The ion implantation is well described by the nonequilibrium process
associated with the high density production of defects and the squeezing
of impurities in crystal lattice. This process has been employed to alter
the near surface properties of materials by cocntroliing the depth and the
atomic quantity of implants precisely. In the modification of ceramics,
the icn ‘implantation is made so as to obtain a new atomic structure, and
necessary is the high concentration of implants which amounts to 1 - 20
at. %. Thus, the implantation damage in ceramics is =severe and
complicated. To study such a system, the Rutherford backscattering
analysis combined with the channeling effect 1s very effective. In this
report, some typical results of the 1ion beam analysis after thermal

annealing are shown in a-A1203 crystal implanted with 93Nb+ ions.

2. Experimental Procedure

Platelet specimens with specific orientation were cut from a-Al,04
single crystal purchased from Union Carbide Corp. The specimens were
polished and annealed at 1200 °C in air for 120 hours to remove the
surface strain. Implantation of 93Nb+ ions was made at 7° off the <0001>
crystal axis at ambient temperature with 220 keV to a dose of 4 x 1016
/cmg. 4 part of each specimen was masked during implantaticn to preserve a
virgin region which could be examined subsequent to each annealing cycle.
Thermal annealing in air was carried out for 1 hour in the temperature
range from 600 °C to 1600 °C. The effect of implantation and thermal
annealing on structure was evaluated using 1.8 MeV &He+ ions from 2 MV
Van de Graaff accelerator to determine the depth profile of implanted Nb
atoms, the depth distribution of induced damage and the lattice lccation
of implants. A scattering angle of 160° was used for the energy analysis

of scattered ions, resulting in a depth resclution of 200 3.
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Fig. 1 1.8 MeV 4He+ ion backscattering spectra from u—A1203 single crys-
16 2
tal implanted with 93Nb+ ions(220 keV, 4 x 10 Jem™). The random and the

<0001> aligned spectra from implanted region are compared with the <0001>

aligned spectrum from virgin region.

3. Resulits and Discussicn

Figure 1 shows typical backscattering spectra of 1.8 MeV qu+ ion
from the (0001) a-A1,0, crystal implanted with 220 keV 9 Nb* ions to a
dose of 4 x 1016 /cm2

atoms, the kinetics of Rutherford scattering produce characteristic steps

. Due to large mass difference among Nb, Al and O

in the yiéids of particles scattered from the matrix elements(Al and Q) as
well as an isclated peak for scattering from the implanted Nb atoms. Some
Nb atoms occupy the substitutional sites even 1f Jjust after the
implantation. Comparing the <0C01> aligned yields from implanted and
virgin regions, substantial disorder is recognized in both A1 and O
sublattices. However, the amorphization in the near surface region is not
observed after the impléntatidn, which indicates the existence of
reordering process.

The definite recovery of the lattice damage begins in both A1 and O
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Fig. 2 Typical change of 1.8 MeV He+ ion backscattering spectra from

Nb implanted u-AlZO3 crystal after thermal annealing at 1200 °C in air.

sublattices after annealing at 1000°C. In Fig. 2, it is obéerved that
after annealing at 1200 °C, the <0001> aligned spectrum decreases its
scattered yield and additional humps are formed at the leading edges of
No, Al and 0 atoms. This result is explained by the formation of ternary
compound like NbelyOz in the near surface region of u-A1203 crystal in
competition with the damage recovery. The process of compound formation
could be attributed to the Nb pile up at the surface by diffusion and the
oxygen incorporation from annealing circumstance because the depth profile
of implanted Nb is breoadened with holding the peak positicn. A comparison
between the aiigned and the random spectra also shows that in this
compound the implanted Nb atoms are accomodated in a random manner, and Al
and 0 atoms occupy the crystal lattice well conformed to the corundum
structure along the <0001> crystallographic direction. This is a typical
result of the nonequilibrium material processing by ion implantation. some
Nb atoms isolated in the inner region of specimen occupy the
substitutional sites of Al sublattice, and the substitutionality defined
by (1—meNb))/(1-X m(Al)) amounts to 50 %, where the value x, is the
ratic of the <0001> aligned to the random yields.
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of Al sublattice, O sublattice, implanted Nb and total Nb concentration.

In order to show the entire thermal annealing behavior, the relative
changes with temperatures are illustrated in Fig. 3 for xm(Al) the damage
level in Al sublattice, xm(O) damage level in 0 sublattice, xm(Nb) the
fraction of implanted Nb accomcdated to the random sites and the total Nb
content, respectively. In this figure, both Al and O sublattices recover
in a similar manner with being different from Cr, Ti and Zr
implantationsi). The recovery curve of implanted Nb has the minimum at
1200 °C, and Xm(Nb) increases again above 1200 °C., In the same
temperature region, total Nb content starts to decrease with diffusing
inward and outward. After annealing at 1600 °C, only detectable amount of
Nb atoms is left in the substrate. In this study, it is clear that the
annealing circumstance influences the structure of implanted specimen, and

a comparison is scheduled in a specimen annealed in reducing atomosphere.

Reference
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, M. M. Abraham and B. R. Appleton: J. Appl. Phys. 54 (1983) 683,
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3.11 TEMPERATURE DEPENDENCE OF DAMAGE PROFILE IN HELIUM
IRRADIATED STAINLESS STEEL

Shcze HAMADA, Kenji SUZUKI, Tomotsugu SAWAL and Kensuke
%
SHIRAISHI

*
Department of Fuels and Materials Research and Radioisotope

and Nuclear Engineering School, JAERI

Helium ion irradiation has been used for studying the helium effects
on microstructural development and swelling of fusion reactor materials,
in which a much amount of helium is produced by the high energy neutron
spectrum, Ton irradiation, however, makes the concentrated damage arcund
the mean projected range uniike neutron irradiaticon. In order to observe
the damage structure induced by ion irradiation using transmission
electron microscope, the mean projected range must De exactly known. In
addition, the damage profile would he changed with irradiation temperature
as a result cof point defects diffusion, So, the effect of irradiation
temperatare should be considered on the profile of the damage profile.
This paper repcrts the effects of the irradiation temperature on depth
distribution of damage structure produced in Type 316 stainless steel
during helium ion irradiation.

The specimens used in this study were 3 x 0.2 mm thick discs of Type
316 stainless steel, which were sclution annealed in vacuum for 1 h at
1323 K. The discs were slightly polished by diamond-paste to clean the
surface. The irradiations were carried out at R.T., 673, 773 and 873 K
using 2 MV Van de Graaff accelerator with 1,0 MeV He ions upto 2000 appm
at the peak. Specimens were prepared by the cross=section method for
optical and transmission electron microscopies, which weould be described
in detail elsewhereW). Several specimens of 873 K irradiation, prepared
by the back-thining method, were observed in the direction normal tc the
irradiated surface,

The cross-sectional optical micrographs of specimens irradiated at
the temperatures of R.T., 673, 773 and 873 K are shown in Fig., 1. The
parallel lines to the incident surface were observed in all specimens. As
the irradiation temperature increases, the etched lines becomes darker.

The center of each lines was identified at the same positicn, and its
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distance from the incident surface was measured to be 1,6 pm, 4 typical
damage structure of R.T. irradiation in the region around the etched band
in Fig. 1(a) is presented in Fig, 2(a) and 2(c). In Fig., 2(c¢), the
specimen contains 10000 ppm He at the peak, Defect clusters are seen“as
black- and white-dots with the average diameters of 5 tc 10 nm for both
defect clusters, The depth dependence of the defect number densities are
given in Fig, 2{(b), together with displacement damage and helium
distribution curves. The damage and helium distribution curves were
calculated using the extended E-DEP-1 computer codeg). The depth
histograms for black- and whité-dots are in good agreement with the
displacement damage and helium distribution curves, respectively.

At 673 K irradiation, the band structure of 0.2 pm width is observed
at depth of 1.6 pm similarly to R.T. irradiation (Fig. 3(a) and (¢)). The
band also consists of two sizes of black-dots; the average diamete. of
larger ones is 20 nm and that of smaller ones 5 nm. Tangled dislocation
lines were. observed {Fig. 3(b)) in the region shallower than the mean
projected range.

Figure 4 shows the microstructures produced by 873 K irradiation.
Tangled dislocation lines and large dislocation loops with and without
stacking faults were broadly observed over a range of depth from 1.5 um to
2.3 pm, and the dislocation locps were also observed at the depth of 2,8
Fm, which is located deeper than the mean projected range. The reason of
presence of these dislocation loops can not be easily explained, and
further experimental and theoretical studies are reguired, The damage
structures observed in the direction normal to the irradiated surface are
given in Figs. 4(b) to 4(d). These structures are consisted of ({(a)
dislocation 1loops with stacking fault, (b) dislocation lines, (c¢)
dislocation locps with a black dot at the center and (d) helium bubbles at
the graiﬁ\boundary.

In summary, the depth distributions of damage atructure in Type 316
stainless steel, which was irradiated with 1.0 MeV He-ion at R.T., 673 and
873 K, were observed by transmission electron microscopy. The damage
structure bands consisted of black-dots were observed around the mean
projected range at R.T, and €73 K irradiation. At 873 K irradiaticn,
dislocation lines- and labger dislocation loops with and without stacking
fault were dominant aroiund the mean projected range and a few dislocation

loops were observed at the depth of 2,8 pm, which is located deeper than
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the mean projected range, from the irradiated surface,

References
1} S. Hamada, T. Sawai, K. Fukai and K. Shiraishi: "Measurement of Mean

Projected Range in Ion Irradiation™, this Tandem Annual Report.

2} I. Manning and G. P. Mueller: Comp. Phys. Comm. 7 (1974) 85.

Irradicted surface Etchedline

Fig.l Optical micrographs of
the irradiated stainless
steel cross=section specimen
a) R.T. b) 673 ¢} 773 and
d) 873 K.

Fig.2 Damage structures cbserved in
the specimen irradiated at R.T. a)
He content 2000appm b) and c)} are
size distribution of damage clusters
and TEM micrograph in containing

10000appm He, respectively.
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Irradiated surfoce Irrodioted surface

Fig.3 Damage structure observed Fig.4 Damage structures q‘bserved
in the specimen irradiated at in the specimen irradiated at
673 K. 873 K.
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3,12 EFFECT OF SOLUTE CARBON CONTENT ON THE DISTRIBUTION
OF HELIUM BUBBLE AND DISLOCATION LOOP IN Ti-MODIFIED
TYPE 316 STAINLESS STEELS IRRADIATED WITH HELIUM TONS

Kenji SUZUKI, Yoshio KATANO Takeo ARUGA Shozo HAMADA
and Kensuke SHIRAISHI

: *
Department of Fuels and Materials Research and Radio-

isotope and Nuclear Engineering School, JAERI

The observation of helium bubbles and dlslocatlons in Ti-modified
Type 316 stalnless steels irradiated with helium ions were made with an
electron microscope -in corder to clarify the governlng factor and mechanism
for microstructure evolution. In this report, the effect of solute
contents- .on  the distributicns of Dbubbles and dislocation loops 1s
1nvest1gated in Ti-modified Type 316 stainless steels.,

- The materlals used in this study were Ti-modified Type 316 stainless
steel w1th 0.06 wt% carbon (PCA) and steels containing carbon up to 0,15
wt% (T=0, T=1, Te2). Chemlcal composition of the samples are given in
Table 1; the base composition of Fe, Cr, Ni and Ti is selected to be
equivalent to that of PCA. Samples of 3 mm diameter and 0.2 mm in
thickness were solution annealed for 0.5 h at 1373 K 1In a vaccum of 1}(10"+
Pa., The samples were irradiated for 1 h at 350 or 1023 K with 1.0 MeV
Be-ions using 2MV Van de Graaff acceleratorw) to a dose of 5x1019 He/m at
a current density of 2 mA/mz. The injection produced & maximum

3 appm and displacement damage of 0.08 dpa.

2)

concentration of 2x10
Calculation with the E-DEP=-81 code shows that the injected helium is
distributed in the range from 1.4 to 1.9 pm from the ign-incident surface
of the specimen, Some samples irradiated at 350 K were annealed for 1 h at
1023 ¥ in vacuum. 411 the.samples were carefully electropelished so as to
remove about 1.6 upm from the front surface of the specimen, and then
back-thinned to perforation. The radiation-produced microstructure was
examined with a JEM=-2004 electron microscope operating at 200 kV. The foil
thickness in the observed ares was estimated to be 0,2-0.3 pm by counting
the number of equal thickness fringes at the edge of the specimen or the

grainboundary, Distributions of helium bubbles were analyzed with a Zeiss

TGZ particle size analyzer.
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Typical microstructures produced by irradiation with 1.0 MeV He-ions

19 He/m2 are shown in Fig. 1; symbels from a to d and

to a dose of 5x10
from a' to d' denote the results obtained from specimens irradiated at
1023 K and pest-irradiation annealed for 1 h at 1023 K, respectively. In
the case of the specimen irradiated at 1023 K, helium bubbles are seen
within the grain, Some helium bubbles are associated with fine
precipitates in the T-0 and T-1 specimens (Fig. 1 & and b); the
crystallographic structure cf the precipitate could not be identified by
selected area electron diffraction. Note that the precipitates were not
observed in unirradiated specimens of T-0 and T-1, both having a thermal
history similar to the irradiated specimens(Fig, 1 a-d). Many dislocation
loops having same tendency of the distribution were observed together with
helium bubbles in the specimen annealed for 1 h at 1023 K after
irradiation at 350 K{Fig.1 a';df).-These observation indicate that the
distribution of the dislocation loops were less affected by carbon
centent,

The correlation between the titanium and carbon contents in the
austenitic steel is given in Fig, "2 in terms of the solubility

relationship and st01ch10metr1c comp051tlon for tlt'nlum carblde The full

curve in the figure 1nd1cate$;the solub;‘lty llmlt of tltanlum carblde in

the matrix at 1373 K and is.Based on

solubility curve at 1023 K ‘is'ap

titanium cafbide. Both'f
to the compOSLtlon 1nd1cated'
solution annealed at 1373 K
the solution annealing. Furthefmore, td
approach the composition 1nd1cated by the closed" squre causing - the

precipitation of tltanlum carblde durlng thé;long term‘aglng_at 1023 ‘K.

‘bu_bles produced by

The average diameter and number den51ty of ‘helium

He-ion irradiation at 1023 K and by post-lrradlatlon anneallng is
presented in Fig. 3 as a functlon of the solute{carbon~content 1n “the
tes that solute

specimens solution annealed at 1373 X, The flgure 1nd
carbon in matrix suppresses the growth of hellum bubbles w1th1n the gralns
as the result of the increase in the number denslty.-Carbon atoms are

considered teo trap vacancies and consequentiy reduce the available
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vacancies for diffusion of helium atoms; the diffusion coefficient of
nelium atoms decreases with an increase in the sclute carbon content. The
theoretical consideration has proved that the bubble density varies
inversely as the square root of the gas atom diffusicn coefficientq),

In summary, with an increase in carbon content, the number density
increased and the average diameter of helium bubbles decreased,
respectively, The observation indicate that the solute carbon in matrix
suppresses the growth of helium bubble within the grains as the result of

the increase in the number density.

Reference

1) K. Suzuki, Y. Katano, T. Aruga and K. Shiraishi: JAERI-M 84-181 (1984).
2) T. Aruga: JAERI-M 83-226 (1984).

3) A.F. Padilha, G. Shanz and X. Anderko: J. Nucl. Mater., 105 (1982) T7.
4) J. Gittus: Irradiation Effects in Crystalline Solids (Applied Science

Publishers Ltd., London, (1978) 62.

rig. 1. Bubble,
precipitate and
dislocation com-
ponents of the
samples irradi-
ated with 1.0 MeV
He-ions at 1023 K
{a, b, ¢ and d)
and post-irradi-
ation annealed
for 1h at 1023 K
(at, b', c' and
d').
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Table 1 chemical composition of Ti-modified type 316 stainless steel ¢ wt T )

N1 cr Mo Si Mn Ti C P B S Nb Fe
T-0 <0.01 0,0004 0.014
T-1 0.05 0,0004 0.0[0
T-2 0.09 O,IDOOLI 0.015
PCA 0,53 0.0.2?;. f; o035 -
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Fig., 2. The correlation Fig. 3. Density and average
between titanium and carbon diameter of helium bubbles in
content in the austenitic the Ti-modified steels irradi-
steel with respect to the ated at 1023 K {(dashed line)
solubility relationship and and post-irradiation annealed
stoichiometric composition "(s90lid line).

for titanium carbide,
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3.13 MICROSTRUCTURAL EVOLUTION IN N-ION IRRADIATED STAINLESS STEEL
Takeo ARUGA, Yoshio KATANO and Kensuke SHIRALSHI
Department of Fuels and Materials Research, JAERT

1. Introduction

Ion irradiation has been in use as a tool to study radiation damage in
metals. The radiation damage produced by ions has a strong gradient and the
implanted ions affect the microstructural evolution during the irradiation.
However, sophisticated examination of the ion-produced microstructures with
the predicted damage energy and implanted-~ion profiles provides data useful
for understanding the fundamental mechanisms of the radiation damage. As
well as implanted heliuml), nifrogen and carbon ions are reported to modify
the radiation-produced microstructure of Type 316 stainless stee12’3).

This report describes the microstructural observation of Type 316

stainless steel irradiated by N-ions with a 2MV Van de Graaff.

2. Precipitates produced in N-ion irradiated stainless steel

Samples of solution-amnealed Type 316 stainless steel were irradiated
at 803 K with 1.1 MeV N-ions up to a dose of 60 dpa at a damage peak. The
4)

damage profile calculated by the E-DEP-1 computer code ~ with displacement
energy of 40 eV shows that the peak damage position occurs at a depth of
0.77 um from the specimen surface. The rates of damage and nitrogen-ion
injection are estimated to be about 1 X 10" *dpa/s and 2.8 appm/s, respec-
tively, at their peaks. The irradiated samples were electropolished care-
fully so as to remove the front surface of the specimen by about 0.7 um, and
then backrthinned to perforation., The microstructure produced was examined
with a JEM-1000D electron microscope operating at 1000 kV. The compositions
of the precipitates were analyzed using the technique of X-ray EDS with a
JEM=-200CX. '

The microstructure produced by the irradiatien to a peak dose of 20 dpa
is characterized by fine precipitates formed at the radiation-produced Frank
loops. The EDS analysis reveals that Si and Ni are enriched at the precip-
itate. Furthermore, weak superlattice spots appear between the strong ma-
trix spots in the selected area diffraction (SAD) pattern. Thus, the fine

precipitate is deduced to be the ordered y'-phase of nominally NiBSiS). In
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the specimen irradiated to a peak dose of 60 dpa, the precipitates with

diameter of 9 to 56 nm are obéerved in the number density of 7.5 x 1021/m3?
The micrestructure and the EDS spectrum for the specimen irradiated 60 dpa
are given in Fig. 1. The EDS analysis shows that Cr is enriched to be 26-

42 wt% in the precipitate. The diffraction spots in SAD pattern indicate

that the precipitate is CrN phase; a NaCl-type structure with a lattice

parameter of 0.4141 nm,

Fig. 1 The dark-field micrograph (a) and EDS spectrum (b} for
the precipitate in Type 316 stainless steel irradiated with

1.1 MeV N-ions to 60 dpa at 803 K.

—119—




JAERT-M 85-104

The injected nitrogen atoms segregate to stabilize the radiation-
produced Frank loops in an early stage of irradiation. Then, Si and Ni
binding with radiation-produced interstitials migrate to the Frank loops
to form the precipitate of the y'-phase. When the irradiation proceeds to
60 dpa, injected nitrogen precipitates as CrN phase. The radiation-

produced precipitates of v' are swallowed up by the nitride.

3, Depth profile of loop formation in N-ion irradiated stainless steel

Wedge-shaped specimens in a disk of 3 mm in diameter for transmission
microscope observation were prepared from solution-annealed Type 316
stainless steel. The specimens were irradiated with 0.3 MeV N-ioms at 723

K to a peak dose of 0.6 dpa. The irradiation corresponds to injected

nitrogen concentration of 0.046 wtZ at peak. The projected range and peak
damage depths are 0.30 and 0.24 um in the calculation with E-DEP-1 cede,

respectively, The microstructure of the irradiated specimen was examined

with a JEM-200A electron microscope and the areal loop number density was
measured as a function of distance from the foil edge.

Small dislocation loops of interstitial type with 3 to 50 nm In size
are observed to form in the foil region where the thickness is larger than
about 100 nm. The region thinner than 100 mm is denuded of loops. The
areal loop number density increases to be 1.2 x 10'%/m* with the foil
thickness up to 400 am which corresponds to the penetration depth for 0.3
MeV N-ions in the steel. The flat plateau appears in the areal loop number
density at depths of 250 to 350 nm, where nitrogens of high concentration
are injected in the calculation. The fact suggests that injected nitrogen
atoms suppress the formation of dislocation loops around the ion-end-of-
range. The nitrogen atoms trap the radiation-produced point defects and
enhance defect anihilation by direct-recombination to reduce local defect
density. Then, defect clusters hardly grow to be visible loops even if
defect clusters nucleate in this region. On the other hand, the increase
of loop density beyond the flat region indicates that the ratio of displace-
ment atoms to injected mitrogen concentration plays an important role for
the formation of defect clusters visible with transmission electron

microscopy.

4, Summary

The irradiation of Type 316 steel with 1.1 MeV N-ions at 803 K te 20
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dpa at peak induces precipitation of y'-phase, nominally Ni3Si, and precipi-
tates are replaced by CrN phase during the irradiation to 60 dpa.  Suppres-
sion of dislocation loop formation around the ion-end-of-range is also

observed in Type 316 steel dirradiated with 0.3 MeV N-ions at 723 K to a low

dose of 0.6 dpa.
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3.14 DAMAGE STRUCTURE IN ION-TRRADIATED Si3N4

Kenji NODA, Yoshinecbu ISHII, Kotarc KURODA*, Hiroyasu SAKA*,
Yoshinobu NAKATA*, Masayukl ARITA®, Toru IMURA%* and
Hitoshi WATANABE

Department of Fuels and Materials Research, JAERI, *Faculty

of Engineering, Nagoya University

Refractory low-Z materials.as surface materials of the first wall of
fusion reactors will be subjected to not only surface erosion but alsc ir-
radiation damage due to 14 MeV neutrons. In this study, microstructure of
ion-irradiated 513N4 was observed by transmission electron microscope (TEM),
to understand the irradiation damage in 813N4 as cne of candidate of the
low-Z materials.

Sintered Si3N4 including 8 % Y203 as a binder was thinned by ion bearznl
milling, tc make TEM specimens. The specimens were irradiated to 2.2 x 10
ions/m2 at an ambient temperature by He or Ar iens with an energy of 400
keV. Before and after the irradiation, microstructure of the specimens was
observed with 200 kV TEM.

Before irradiation, the specimens consisted of SiSNﬁ’ $ig, WC and Y-
containing phase (Y10{8104)6N2)’ and 21l of them were crystalline. Tig. 1
(a) shows the microstructure after the Ar—ion irradiation. The small grain
denoted by X was identified as crystalline 513N4 by the diffraction pattern
and it was surrounded with amorphous materials denoted by A. In Fig. 1 (b)
the diffraction halos due to the amorphous material A are shown. The inter-
face between the crystalline Si3NA and the amorphous materisl appearswhite.
Fig. 2 shows the interface at high magnification. In the amorphous area ad-
jacent to the crystalline SiSNA’ many white spots are observed. These spots
were found to be voids or bubbles by defocusing experiments. Fig. 3 shows
the amorphous materials in some regions otherthanSiBN4 grains, the diffrac-
tion halos and white parts of the interface between the 813N4 grain and the
amorphous materials (many voids or bubbles) in He—ion irradiated specimens.

In case of the He—ion irradiation, the irradiation damage was not SO severe

in comparison with the case of Ar-ion irradiation, although microstructures

are similar in both cases. Thismay be attributed to displacement per atom by

the Ar-ion irradiation which is larger than that by the He—ion irradiation.
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Fig. 1 (a) Microstructure of Ar-ion

irradiated Si_N (b) diffraction

374
halos from the amorphous material A.

(b}

Fig. 3 {(a) Microstructure of He-ion irradiated
Si3N4 , (b) the halo pattern, (c) the interface
between the amorphous material and the Si.N

374
grain (white parts).
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3.15 TRRADIATION EFFECT WITH LIGHT IONS ON SOME CERAMICS

AND GLASSES
Hideo OHNO,Takanori NACASAKI and Hireji KATSUTA

Department of Nuclear Fuels and Materials Research,

Japan Atomic Energy Research Institute

It is one of the important research items to investigate the nature
of neutron- and icn-irradiated maferials for the development of heavy-duty
special purpose materials such as ceramics and glasses in nuclear fusion
reactor.

Our research is concentrated to reveal the relation between the
irradiation damage and bond character of these non-metallic inorganic
materials. The PbO-Si0; glass is selcted for research.

The structure of non-irradiated Pb0-5i0, glasses was investigated by
¥-ray diffraction analysis and Raman spectroscopy. The Pb-0 bond has the
ionic character in the SiOz—rich region and has more of the covalentic
character with increasing PbLO concentration.

Fig.1l(a) shows Raman spectra of nen-irradiated Ph0O-5i0; glasses of
various compositicen. They are characterized by some peaks due to the Pb-0

1 and also by

vibrational mode in a frequency region of less than 2%10%m”
a large broad band due to S5i-0 stretching in the frequency region of 8x104

to 12%x10%m~1. 1t is deduced that the broad band due to $i-0 stretching
consists of five peaks near 8.9x10%, 9.2x104, 9.6x10%, 10.3x10% and 11.5x10%n7 1
as shown in Fig.l(b). Compariscn with the Raman and infrared absorption
spectra suggests that these five peaks will arize from the 510y tetrahedron
with four, three, two, one non-bridged oxygens and with four bridged oxygens,
respectively.

The distributions of three kinds of oxygen,i.e. bridged oxygen(oo),
non-bridged cxygen{0~ ) and free oxygen(ozg), nave been calculated from the
analysis of area intensities of these five peaks. The results are shown
in Fig.2.

The irradiation cf neutron or ion will affect the distributicon of three
kind of oxygen. The preliminary experiment for PbO-Si0; glasses with 1MeV

HY ion was carried out. The analysis of Raman spectroscopy and a comparison

with neutron irradiaticon are underway.
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IRY NUCLEAR CHEMISTRY
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4.1 NUCLEAR CHEMISTRY OF ACTINCIDS

III. 16o + 238U AND 12c + 242Pu REACTIONS

Nobuo SHINOHARA, Shigekazu USUDA, Shin-ichi ICHIKAWA,
*
Toshic SUZUKI, Hiroshi OKASHITA, Hideki YOSHIKAWA ,

e uda ala ola X
=

% % EE
Yousei IWATA , Takayoshi HORIGUCHI , Yasukazu YOSHIZAWA ,

Ta uda ola LA PR
HRW WA

Seiichi SHIBATA and Ichiro FUJTWARA

*
Department of Chemistry, JAERI, Department of Chemistry,

Tokyo Metropelitan Uhiversity, AnDepartmEHt of Physics,

Fkh

Hiroshima University, Institute for Nuclear Study,
oA
University of Tokyo and " Institute of Atomic Energy,
Kyoto University
. R . 16 . 238
The production of actinoids from the reaction of 0 with U target

2)

. .1 : . , e ,
has been studied’ and seventeen nuclides were identified for this

reaction. To investigate the production mechanism of actinoids from

heavy~ion bombardment of actinoid targets, we started the experiment of an
. s . . 242 L . 12
alternative reaction system in which Pu target is irradiated by C

. . 2
ions. The reaction forms the same compeound nucleus of 54Fm by complete

) . . 16 2 .
fusion reaction as that in the 0 + 38U reaction system. It was found so

250 244,245,
r 44,245 246Cf and 242Cm were also produced

160 238U

far that the isotopes of
12C +'242

»

in the Pu reaction as well as in the + reaction.

Experimental

The 238

. . 16, . .
U target arrangement, the irradiation of 0 ions, the chemical
separations and the measurements of radioactivity were similar to those
. . . 1,2
described in the previous reports™’ ).

The 2425, target containing 0.1 mg/cm2 (99.8 % 242PU) was prepared by

electrodeposition onto 7-um thick Al foil. The target was bombarded by 12C
ions with energy 75 to 95 MeV and the beam intensity was up to 200 pnA.

The chemical separation was performed so far only for the Al catcher foil
which collected the recoil nuclei. The measurements of radioactivity were

1,2)

carried out as described earlier
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16O + 238

U reaction

In the previous paper °,

250Fm

3

reaction and their excitation functions were obtained at

244,245,246

from 85 to 110 MeV.

’
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1)
242Cm

3

When the projectile energy increased te 110-130

Fm, Cf and Cm nuclides was diminished and production

nuclides was came into
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Fig. 1 Formation cross sections of the Th, Ac and
Ra nuclides synthesized in the 16O + 238U reaction.
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it was reported that nine actinoids such as

238’239Np and 237’239U were identified in this

0 ion energy

formation of the

the alpha-activities

and the half-lives
and examining the
chemical nature,
various nuclides

such as
225,226,227,228Th

224,225AC

223,224
Ra were

s
and
identified. The
nuclides of the Th,
Ac and Ra seem to be
formed by picking up
2 to 4 protons and 8
to 11 neutrens from
the 238U target;

He, Li, or Be
fragments of various
masses could be
transferred to the
projectile. Figure
1 gives the
formation cross
sections of these
nuclides as a
function of the
number of neutrons
and protons picked

up from the target
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Cm are 1n progress.
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4.2 DECAY OF THE COMPOUND NUCLEI PRODUCED IN THE REACTIONS

197 6 12
oF Au INDUCED BY 1 O AND c

Sumiko BABA*, Kentaro HATA*, Toshiaki SEKINE*,Yuichiro
NAGAME*, Shin-ichi ICHIKAWA**, Nobuo SHINOHARA**,
Hiroshi BABA***, Tadashi SAITO***, Akihiko YOKOYAMA***,

Naruto TAKAHASHI***, Masahide SHOJI**#*, Ichiro FUJIWARA***%

*Department of Radioisotopes, **Department of Chemistry,

JAERT ,***Osaka University, ****Kyoto University

The radiochemical study of nuclear reactions of 197Au with 160 and
2C ions has been continued. In this work, the neutron evaporation of the

compound nuclei produced in the reaction of lg?Au with 16O or 12C was
investigated to discuss the competition betwecen evaporation and fission.

Table 1 lists the decay properties of Fr isotopes which are produced
after neutron evaporation of the compound nucleus in the 197Au + 160
reactions. All the Fr isotopes are short-lived and some of them compose
pairs of nuclides possessing similar half lives and therefore similar
o-ray energies to one another. Therefore we used the following three
types of measuring instruments; an isotope separator on-line {(ISOL), a
rapid o—emitter-detection (RAED) system, and conventicnal vY-ray spectro-

meter., An appropriate combination of the results of these three types

of experiments made it possible to deduce the absclute cross section of

MICRQ-COMPUTER

BEAM STORION
+ SIGNAL
Table 1. Dacay properties of Fr isotopes CONTROLLER

Isotope Half life .‘:u(MeV) a/total Daughters

210p, a8 m 6.572 1.ooTT 2%ac

209p S0 s 6.646  0.89 205,, 2%,

2085, 585  6.636 0.74 204,208y, BEAM
207p, 14.8 s 6.761  0.83 203,, 2075,

2085, 16.0 s 6€.785 0.8% 02, 206g,

+ P. Hornsh@j et al. (ref. 6]

SCATTERING CHAMBER

++ tentative

Fig. 1 Experimental setup for oc-ray
measurement of catcher foil with the
rapid c-emitter-detection system.
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Fr isotopes for the first time. Namely, we measured relative yields of Fr
isotopes by ISOL, the equipments of which was previcusly described else-
wherel), while relative yields of Fr isctopes and At isotopes were
obtained by a-ray measurement of catcher foil with the RAED system(shown
in Pig,l). Furthermore, y-ray measurements with Ge (Li) detector were
carried out to determine the cumulative absolute cross sections.

The evaporation cross section data of the 197Au + C reaction
published up to date disagree with each other. The present work was per-
formed to find the data by Bimbot et al°2) are most reliable. We deter-
mined cross sections of At isotopes in the l97Au + C reaction by means
of y-ray spectrometry., The results of experiment are shown in Fig.2 and
rig.3.

2 new trend of the angular-momentum dependence of the fission barrier

Bf was empirically derived as
B_(L) = B.(0) (1~ ke/at/3

with k = 0.069 £ ODOOBﬁ_l, where I is the angular momentum and A is the

mass number. Fig.4 shows how well observed fission barriers ( open

6 {mb)

ED 100 . 120 140 i 610 BIO | 1(')0 1 1;..0_.._-,
Siap(MeV) ?
d Elab(MeV)
Fig.2 Excitation functions fer the Fig.3 Same as Fig.2, but for the
197 16 X - « 2y
au (" "0,x%n) reactions and the 197Au(12C,xn) ceactions and the

fission process compared with the fission process
values calculated by ALICE code

(solid line).
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circles) are reproduced by the above equation (solid line). Applying the
fission barrier deduced from the above formula to the 16O—induced and lzC—
induced reactions, statistical calculation of evaporation and fission cross
sections was done with ALICE code4)n The results are compared with the
data of this work and the previcusly published experimental data for fission
in Fig.2 and 35)¢ The calculated values and the experimental ones agree
well with each other in the evaporation residue cross sections and they

agree excellently with each other in the fission cross gections.
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4.3 NUCLEON TRANSFER REACTION OF GOLD INDUCED BY HEAVY IONS

Kentaro HATA, Yuichiroc NAGAME, Sumikc BABA, Toshiaki
SEKINE, Shin-ichi ICHIKAWA*, Hiroshi BABA**, Tadashi
SAITO**, Akihiko YOKQOYAMA**, Masahide SHOJI** and

Nobutsugu IMANISHI**#*

Department of Radioisotopes, *Department of Chemistry,

JAERI, **Csaka University, ***Kyoto University

Introduction

In experiments with light projectiies and heavy target nuclei at bom-
barding energies of the order of 10 MeV/u, one usually cobserves two dis-
tinct types of interaction: gquasielastic transfer (QET) and deep-inelastic
transfer (DIT) reactions. The QET reaction is distinguished from the DIT
reaction by differences in the amount of energy dumping and in the charac-
teristics of the angular distribution besides the degree of mass transfer
and the tendency towards the charge eguilibration. The purpeses of the
present work are to find some characteristics of those two types of trans-
fer reaction and to deduce the precise interaction distance in the QET
reaction. We have choosen very asymmetric systems composed of light pro-
jectiles and gold as a target, in which the DIT reaction is less impor-

tant.

Experimental

We performed two types of experiments, One is an experiment to detect

. . . 16 12 .
target-like products of the reaction induced by 0 and C, radicchem-

ically. The details of

this experiment were de-
1) TANDEM VdG

MONITOR

scribed elsewhere™' . In COUNTER

addition an experiment was '50 BEAM ¥74y TARGET

carried out to detect ——+1 ) ANIBETY L___j
' —\ 2mm 45’ & T Ear

projectile-like fragments FARADAY CUP

SLIT 7>
=

in the 105 MeV—l6O induced

reaction using AE-E coun- AC+E COUNTER

ter telescope technigque,
Fig.l Experimental setup of the counter

197 16 ;
experiment of the ? Au + O reaction,
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Used detectors were a 50um~thick(AE), a 2 mm—thick (E), and a 100pm-thick

gi semiconductor detectors(monitor). The experimental setup is shown in
Fig.l.

Results and discussion

Fig.2 gives the excitation functions of target-like products of the
OXygen induced reaction. All the excitation functions exhibit the features
of direct reaction. Fig.3 shows the angular distribution of projectile-
like fragments ranging hketween 2 and 8 in atomic number. The spectra of
170, 180 and N are found to have a narrow peak. As the number of trans-

fered nucleons increases, the maxi-

mum width becomes broader, and the 44 1874080
186

" 199 185
A 197m
ra) 200
195m

198m
/ 198

position is displaced toward

e T TTTImT

smaller angles. These characters of

the spectra show that a continuous

T F Y rram

3
transition from QET to DIT reaction E
~0

occurs as the inelastisity of the 1

E C AU
process increases. Fig.4 shows the E ® Hg
L a Tl
energy spectra of the oxygen com- r
. . . . 1 1 L i 1 L
ponent of the projectile-like pro- 70 80 90 100 110 120 130 1i0

) Elab(MeV)
ducts. The solid arrows show the
. 1.2 it I £ ti f t
product energy assuming QET mecha- Fig Zxcitation functions of targe
17 18 -like products in the lg?Au + 160
nism producing ~ 0 or = O, At an b 7

angle of 71° the spectrum has two

peaks: an elastic and an inelastic [ 164

: 10%F Grazi
peak. On the contrary there are few Angle

|

.1
counts except elastic 60 at 40°.

The inelastic peak which lies near

[

~10%+
the grazing angle(83.9°) is % 1798, |
3
assigned to be QET process. Fig.5 = Be
e
shows the distribution of produc- 3 Jigrt

tion cross sections of gold iso-

topes which form the counterparts

L L L 1 1 1 i 1 1 ‘0'2
§0 60 70 80 S040 50 60 70 80 90
Bcm (degl) Scmideg.)

of oxygen isotopes. All these dis-

tributions are found to be simi- )
. . Fig.3 The angular distribution of
larlity reproduced with two 19 E

2)

. . . . jectile-lik duct i bl
gaussian distributions . Of the projectile-like products ranging trom

, 0 to N(left nd fr C to Li{right).
two gaussiansg, one closer to the o N(left) a ot (right)
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target mass number is characterized by a narrower width, and the other has
a wider distribution composed of both isotopes far from target and high
spin metastable isotopes near the target mass. The peak pesitions of wider
distributions all lie near the N/Z value of the compound system. This
shows accomplishment of the charge equilibration found as one of the
features of the DIT reaction. On the other hand, narrower peak represents
the contribution of the QET reaction which is consistent with the general
concept in the case of a few nucleon transfer reacticns. We found that
both width and peak position of the QET reaction are nearly independent
of incident energy in the energy rregion of our experiment. On the
contrary, the peak positions of the DIT reaction have a tendency of
shifting to a lower mass number as the incident energy increases., This is
an consequence of increasing of interaction time in the DIT reaction. In
Fig.6 we assumed the expression of tunneling penetration applied to
neutron transfer reaction kelow Coulomb barrier, and the interaction
distances of one neutron transfer reaction were derived. In the expres-

sion, Vn is the neutron separation energy, En the excitation energy of a

t
199404 105 MeV 180 ‘
o]
400
ul 1006 %, s target
S memer QE
v J =196.2
i : 10 7 Ap= 136
<<
[T%)
z T T T
= 1 DI
zZ
" E
= 10CE" CE
= 71° 113.6MeV
o Ap=196.2
. 10
0 ol
P '
r - 5 SEC NI NI NI NI AT SR
70 80 a0 100 188 190 192 194 196 198 200 202
Elap(MeV) MASS NUMBER OF Au ISOTOPES
Fig.4 The energy spectra at 40° Fig.5 The formation cross sections
and 71° in lab. angle. Arrows of gold isotopes as a function of
indicate product energy assuming mass number of the products,

QFET(solid one) or DIT mechanism

{dashed one).
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neutron in the nuclear potential well and L the width of the barrier oxr
the separation between the surfaces. We assumed that the interacting
configuration should be rather indifferent to the kind of projectile and
consequently the L value is expected to be nearly the same among two
projectiles we studied. Then we concluded that En should be 7 to 8 MeV
close to the top of the potential well for the gold nucleus so as to
assure the above postulate. In Fig.6 open circles represent the interac-—
tion distances derived from thus obtained L, while closed circles
represent the interaction distances derived from the range data that we
reported last yearl)o The oper circles are in good agreement with the
closed one. This shows that with increasing incident energy the distance

of closest approach decreases slowly in the one neutron transfer

reaction.
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Fig.6 Dependence of the interaction distance on
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4.4 A STUDY OF THE DECAY OF 121Ba

Shin-ichi ICHIKAWA, Toshiaki SEKINE*, Kentaro HATA%,
Nobuo SHINOHARA and Naruto TAKAHASHI#*%*

Department of Chemistry, *Department of Radioisotopes,

JAERI, **0saka University

Introduction

The high-spin states of the 121Cs nucleus have been investigated by

1)

Garg et al. using in-beam gamma-ray spectroscopic method ™. The spins,

magnetic moments and isotope shifts of Ba isotopes for A = 122-146 have

2)

been determined by the ISOLDE collaboration *, These data indicates a
systematic change of deformation in this region of nuclides,

With respect to the 121Ba nucleus, the B-delayed proton emissions have
been observed and its half-life was determinedB). There is, however, no
information of the low-lying level and decay scheme of this nucleus,

The present paper deals with the emitted gamma-rays following decay of

121Ba nucleus and the tentative low-lying level scheme.

Experimental
The'lZIBa nuclides were produced by the natMo(3ZS,X) reaction with
165-MeV 325 beam and were separated by the TSOL. The A = 121 pure ions

were collected on an aluminum-coated Mylar tape in the tape-transport system
and moved in a second to a measuring port. An intrinsic Ge detector having
0.6 keV resclution at 122 keV was applied to the gamma-ray spectroscopy.

The identification of gamma-ray following decay of 121Ba nucleus was
made by the elemental ionization difference of the surface ionization ion-
source of ISOL with temperature adjustment. The decays of A = 121 nuclides
were traced by gamma-ray spectrometry.

The data were recorded with PDP 11/04 computer and the gamma-ray

4)

spectra were analyzed by using the BOB 75 code

Results
Figure 1 shows the X- and gamma-ray spectra for the A = 121 fraction
when the natMo target was bomberded with 328 beam. The upper spectrum

was measured at a higher temperature condition of the ion-source.

—139—



JAERI-M 85-104

Comparison of these two gamma-ray spectra indicated five new gamma-rays

( 98.2, 99.2, 110.6, 111.6 and 210.8 keV ) appeared in this upper spectrum,
which could not be assigned to any of the known isotopes in this mass region.
Decays of these gamma-rays were traced as shown in Fig. 2. The 99.2 keV
and 111.6 keV gamma-rays had 3042 sec half-life and were assigned to the
decay of llea.

In the lower spectrum, Cs X-ray is rather weak as compared with the upper
one, This gives another evidence for the identification of these gamma-
rays to 121Ba since the supposed electron capture decay of 1 lBa might
produced strong Cs X-rays.

The gamma-ray peak at 210.8 keV was obscured by the 210.2 keV gamma-ray

from the daughter nuclide(lZlCS)- The relative intensity of 210.8 keV gamma-
ray was corrected for the contribution of lZICs decay from the known decay
scheme of lZlng (T1/2 = 136 séc)S).

The energies and relative intensities of lZlBa gamma-rays were given in

Table 1.

The spine and ﬁarity of_the ground state of lZle was found to be 3/2+.
The first excited state of lles nucleus was known as an isomer with J1T =
g/2t 1),

On the analogy of the neighbouring odd-mass Ba isotopes, we propose a
tentative low-lying level scheme of llea as ahown in Fig. 3. The ground

state of 12133 is considered to correspond to the Nilsson orbit 5/2+ (413).
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Table 1. Energies and relative

intensities of y-rays for the
121

Ba decay,
EY (keV) IY (relative)

98.2 26.

99.2 86.

110.6 39.

111.6 ) 100.

210.8 61.

121
5635
»| 512413)
210.8
2098
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@ ::c\ra; N o
g8 8=
317
0 121C 5
557766
121
Fig. 3. Tentative level scheme proposed for Ba |
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4.5 A STUDY ON THE EXISTENCE OF THE LOW~% CUTOFF BY
ISOMER-RATIO MEASUREMENTS

Toshiaki SEKINE, Sumiko BABA, Kentaro HATA,
Shin-ichi ICHIKAWA#* and Nobuo SHINOHARA#*

Department of Radioisotcpes and Department of Chemistry,

JAERI

Yields of various isomeric paifs have been measured in numerous nuclear
reactions following the early work of Huizenga and Vandenboschl). The
isomer ratios which were cobtained have been analysed with a statistical model
in order to deduce the properties of excited nuclei. Isomer ratios also
have supplied some information on the initial angular momentum distributions
of highly excited nuclei produced in fission or spallation. For heavy-ion
nuclear reactions, measurement of isomer ratios offers some hope toward
understanding the mechanism of angular momentum transfer between projectile
and target.

In order to investigate the possiblity of a low-% cutoffz), which seems
important in the mechanism of angular momentum transfer between heavy ions,
we have measured isomer ratios for 99Rh nuclei produced from lO5Ag compound
nuclei formed in two incident channels: 12C + 93Nb and 37Cl + 682n. Here,
if the low-f cutoff exists, some of the lowest partial waves in the formation
of the compound nucleil are cut off in the more symmetrical combination of
projectile and target, namely, the 3701 + 682n reaction. Isomeric pairs
99mpn (9/2%, 4.7 b) and °°BRh (1/27, 15 d) are produced by (HI,a2n) or

3)

(HI,Z2p4n) reactions: the statistical model predicts that the (HI,aZn)

reaction occurs for partial waves near a critical value of complete fusion,
while the (HI,2p%4n) reaction occurs for some of the lowest { waves,

Therefore, the (HI,2p4n) component might reflect the low—{ cutoff in the

3701 + 682n reaction.

A part of this work was done in 1983 (4). In 1984 we carried out
experiments at higher beam energies. Targets of 93Nb and 682n described

4)

previously

from 5.2 to 9.7 MeV/u for 12C and from 2.7 to 4.1 MeV/u for 37Cl, covering

were used, Beam energies incident to the targets were varied

excitation energies of the compound nuclei from 50 to 100 MeV.
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Activities produced in 15-min or 1.5-h irradiation were measured with Ge(Li)
detectors connected to standard electronics. . From some 682n target, 99Rh
activities were chemically separated to increase the detection sensitivity,
since they were accompanied by various activities from activation of the

aluminium catcher and energy degrader.

The yields of 99Rh isomers in each target were determined using pub-
lished half-lives, y-ray energies, and branching ratios. Correction for
the side feeding from the decay of 99Pd during and after irradiation was
possible using its yield in each sample and its known decay branches to the

isomers: 98.6% to gngh and 1.4% to 99th, respectively.

Cross sections were obtained from the observed yields, integrated
beam current and the target thicknesses. The errors attached to the cross-

section values were estimated by considering the uncertainties in the target
68 .
thickness (2% for the Nb target and 5% for the 7n target), and in the

peak efficiency (#2-10%) in addition to that of peak area.

In the 12C + 93Nb reaction the experimental cross sections of the 99Rh

isomers comprise components of both complete- and incomplete-fusion proc—
esses in the 12C beam energies from 60 to 80 MeV, as described previouslys).
Modeliﬁg the incomplete fusion process, we partitioned the experimental
cross sections of each isomer into two components by applying the results

of recoil range measurements and obtained isomer ratios for each fusion
process., The resulting isomer ratios Oh/Ol are shown in Fig. 1 as a
function of the lzC beam energy together with the isomer ratios obtained
from the experimental cross sections without partition. Here, the suffixes
h and 1 mean a high-spin and a low-spin isomer, respectively. It can be
noted from Fig. 1 that the incomplete fusion process suppresses the forma-
tion of the high-spin isomer. This result suggests that "breakup" o par-
ticles in incomplete fusion carry away much more angular momenta than
evaporation o particles in complete fusion, provided incomplete fusion is
occuring principally for partial wave near or even outside the critical
value of complete fusion.

The 99Rh isomer ratios experimentally obtained from thé 3 Cl + 682n

*
reaction are plotted in Fig. 2 as a function of excitation energy E together
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with those obtained above for the complete-fusion process, which is compara-
ble with the 37Cl + 682n reaction, in the 12C + 93Nb reaction. The isomer
ratios in the two reactions seemlto show essentially the same trend. They
increase first sharply with E*, then decrease, reach minimum values, and
again increase rather slowly. This behaviour is expected by the statistical
model. The first increase is attributable to the increase of ch, since

the (HI,o2n) reaction is predominant in this energy range and the formation
of the high-spin isomer is favoured. The decrease of the isomer ratios
begins as the (HI,2p4n) reaction sets in and the fraction of the low-spin
isomers is increasing. The isomer ratioc starts decreasing at E* = 65 MeV

12C + 93Nb reaction while it is still increasing in the 37Cl + 682n

reaction. This difference reflects the fact that the 37Cl + 682n reaction

in the

%
has higher values of % _ above E ~ 62 MeV; the same argument on ch explains
37 68

why the isomer ratio in the ¢l +°°2Zn reaction reaches a minimum value at
much higher energy. The isomer ratio in the 37Cl + 682n reaction, however,
begins to decrease around E* = 70 MeV, which indicates that a sizable amount
of the 99Rh nuclei is produced in the (HI,2p4n) reaction. These results
combined with the statistical model's prediction suggest that even in the
37Cl + 682n reaction the angular momentum distribution of the compound

nuclei extends down to possibly less than 15 A.

Nomura6) has reported possible evidence for the existence of a low-%
cutoff in relatively light heavy-ion reactions. In the foregoing discus-
sion, however, it was not necessary to introduce the low-% cutoff. This
may be ascribed to the fact that the reaction energies in the present work

are still below the critical value for the low-L cutoff.
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237 237
4.6 PREPARATICN OF Pu FROM Np IRRADIATED

WITH DEUTERONS

Sumikec BABA , Kentaro HATA , Toshiaki SEKINE ,

Mishiroku IZUMO and Ryozo MOTOKI

Department of Radicisotopes, JAERI

The production method of a gamma-ray emitting plutonium isotope 237Pu
by using the 237Np(d,Zn)237Pu reaétion has been investigated. The
excitation functions for the formation of Pu in the 2 Kp + 4 reactions
were cgbtained in the previcus workl) as Fig. 1 shows. From the excitation
functions, the thick target yield of 237Pu was calculated, together with
the yields of the radiochemical impurities 236Pu and 238Pu. It has been
concluded that the relatively large yield of 237Pu can be expected in the
relevant reaction system.

In this work, the test production of 237

Py was performed by irradi-
ating a thick target ¢f the oxide of 237Np with deutercons., The particular
care was paid for the safety in the bombardment and the chemical processing
of a large amount of 237Np= The yields of Pu isotopes were finally
compared with calculation.

237 . . . . '
About 700 mg of the Npo2 was dissolved in hydrochloric acid solu-

tion and purified by an anion exchange methodz). The chloride of Np
obtained was converted to the oxide and then it was powdered carefully.
The resultant powder was mixed with 300 mg of Al powder, and shaped to

a thin disc of 15 mm in diameter and 2 mm thick under the pressure cf 2
ton-cm_z. The disc gained sufficient hardness for handling after it was
heated to 660°C in the He-gas flow. Though the aluminum powder suppressed
the yield of 237Pu, it had to be added as a bonding material.

The target assembly was irradiated with deuterons for 8 hours. The
Np02~Al target was held between the Al foils of 0.1 mm thick to prevent
the R-2 beam line from contamination with Np and F.P. activities, even if
it was damaged during the irradiation, The incident energy of the projec-
tile to the target was 20.3 MeV and average ion current was 0.4 pa.

-4l target was

2

dissolved with 12 M HNO3 under heating. From the solution, Pu and Np were

. 2
separated by an anion exchange method )a The sources for gamma-ray and

After cooling for about a month, the irradiated NpO
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alpha-ray countings were prepared from the Pu fraction obtained. Neptuni-
um was stored as the solution of Np(NO3)4 for future utilization.

_ The overall chemical yield of Pu was 8l %. The amount of Pu isotopes
produced at the end of irradiation are given in Table 1. The calculated
yield is also listed in the table for comparison. The differences
between them are larger than the uncertainties in experimental values.

The discrepancies are, however,

. . C (d,2n)
of the reasonable magnitude, if & (d.3n)=(d,p2nl
C . L vl nl
the uncertainties in the calcu- ??igén?ﬂﬁ
lation from the possible non- + d,p)

homogeneity of the Npo2-Al

target is considered,

= 1001
=
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plutonium isctopes and neptunium isotopes
in the 237Np + 4 reactions., Solid lines
connect the experimental points to quidae

the eye.

Table 1 The yields of Pu isctopes
. at the end of irradiation

Huclide Experimental Calculated
(dps) (dps)
237 4
Pu (802tlcl)><104 5.9x%10

236 3
Pu {6.,4270.13) %10

23 3
8Pu (1.4710.,03) %10
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5.1 STUDIES OF NUCLELI WITH PROTON AND NEUTRON
NUMBERS OF 50 TO 82

N ‘o
Mitsuhiko ISHII, ~Akiyasu MAKISHIMA, & Masakateu HOSHI,
++ +

Masao OGAWA, Minoru ADACHI and 'Hiroshi TAKETANT

. +
Department of Physics, Faculty of Science, Tokyo Institute
++
of Technolegy, The Graduate School at Nagatsuda, Tokyo
Ingtitute of Technolegy

Collective moticn of valence nuclecns occupying the h 11/2° orbital
attracts both experimental and theoretical interest. In order to investi-
gate the nuclear deformation in their greound band states, we have studied
electromagnetic de-excitaticn from high spin states in Sm-138, -136 and
-134 and Nd-132.

The atomic number of these nuclidesg has been determined by the use of
a charged-particle multiplicity filter "silicon box" 1). A few competi-
tive isotopes have been identified by comparison of their yields with the
computational results of ALICE 2). Additiconal methods have been applied
for isotope identification. One is to compare the relative yields of
isotopes involved in two combinations of the target and the projectile
nuclides which form compound nuclel different from each cther by two in
neutron number. Another is to take charged-particle/garmma-ray colncident
spectra weighted with neutren multiplicity.

Nuclear reactions exciting the respective nueclides and experiments

are summarized as follows:

Sm-138:  Ag-107 (C1-35, xp yn); E(CL~35) = 165MeV.
2p - gamma- gamma colncidences.
2p - gamma angular distributiocn.
2p - Doppler shifts.
Sm-136 and Nd-132:
Ag=107 (8-32, xp yn); E(8-32) = 155MeV.
T - gamma - gamma colncidences.
P - gamma angular distribution.
p - Doppler shifts.

xp - gamma - n ceincidences for isotope identification.
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through reaction Ag-107 or -109 (8-32, xp yn).
Sm-134:  CA-106 (S-32, xp yn)s; E(S-32) = 160 MeV.
2p - gemme -gamma coincidences.

Xp - gama -~ n coincidences.

The experimental results have been analyzed on the basis of the
1BM-2 3). Fig. 1 shows a comparison of nuclear. excitation between the
experiments and the calculations. The IEM-2 fails at reproduction of the
level scheme above the 10+ state in Sm-138, but the extended TEM-2 which
tezkes intc account a residual interaction between two quasi-particles and
the bosons improves the situation. On the other hand, the IBM-2 works well
for Sm-136 and -134 and Nd-132. This means that nucleus Sm-138 still in-~
herits single-particle aspects from the h 11/2" orbital and that the nucle-
ar collectivity grows greater in more neutron-defficient nuclei Sm-136 and
-13Lk and Na-132.

Iifetime measurements have added support to this fact. Experimental
results given in table 1 indicate that the lO+ isomeric state observed in
Sm-138 is different in character from those in the other nuclides and that
+the B(E2; 2+-+ O+)'s are ephanced with the decrease of neutron number.

Fig. 2 exemplifies the evolution of collectivity in terms of nuclear de-
formation beta and the ratio of nuclear excltation energies of the h and

the 2 states in samerium isctopes. Details are discussed in reference 3.

References
1) M.Ishii et. al., JAERI TANDEM ANNUAL REPORT ».73(1983).
2) The CODE "ALICE" developed by M.Blann and F.Plasil.
Refer to F.Plasil and M,Blann, Phys. Rev. CLL, 508(1975).
3)  A.Mekishima, Ph.D. Thises (Tokyo Institute of Technology ) Mey 19865.
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Sy : +
of the 4 and the 2 states.

Teble 1  Half-lifetimes of excited states in Nd-132 and Sm-136/-138,

2t N 10" 12"
ma-132 . 2.2(0.2)x102 1k — 19 < a few s
sm-136 | - 1.3(0.1)x10° 8 — 13 L& few ps
sm-138 | L5(6) 5.5(0.2)x10°  33(2)

Lifetimes 1in units of ps.
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5;2 INCLUSIVE AND COINCIDENCE MEASUREMENTS FOR STRONGLY
DAMPED REACTIONS IN THE SYSTEM 5701 + 48Ti

Kazumi IDENO, Watalu YOKOTA*, Yoshiaki TOMITA,
Hiroshi IKEZQOE, Yasuharu SUGITAMA, Susumu HANASHIMA,
Katsunori SUZUKI*, Mitsuhiko OGIHARA*, Tetsuro
KOMATSUBARA", S§. M. LEE , and Takashi MIKUMO

Department of Physics, Japan Atomic Energy Research
%
Institute, Tandem Accelerator Center, University of

Tsukuba

Above the incident energy of 160 MeV the cross section of
48

fusion evaporations for the system 5701 + Ti enters the saturated
region.l) For this system in the energy region from 160 to 196 MeV
we inclusively measured the charges Z and kinetic energies of
strongly damped reaction fragments. Standard ionization chambers
were used. The angular distributions and the total kinetic energies
(T.K.E.) of the fragments were obtained assuming the binary process,
Fig. 1 shows the differential cross secticns for the brojectile—
like and target-like fragments and Fig. 2 the observed most probable
T.K.E. for the binary products. Characteristic features about5$he
Cl

strongly damped reactions, which were observed for the system
27,, 2)
+ Al,

1) do/d® oc constant except at forward angles,

2) Observed most probable T.K.E. are consiant over a wide

appear also for the present system:

range of angles and independent of incident energies,

In the inclusive measurements, however, we cannot know the charge
distributions of the binary fragments and the energy losses caused
by light particle emissions from the highly excited fragments. In
an attempt to eliminate these ambiguities we performed coincidence
measurements at 180 and 196 MeV. TFig. 3 shows the angular depend-
ences of the coincident counts, the cother counter being fixed at
Quab = 45 degrees. It is seen that ithe coincident events with no

proton missed (Zs = %9) and with one proton missed (Zvum = 38)

um
dominate and that for both cases the angular dependences are very

similar. If nucleon emission occurs isotropically, the center posi-
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Fig. 1 Differential cross Fig. 2 Angular dependences of
secitions for each exit channel obgerved most probable T.K.E.
at Einc = 18C leV. _ for each exit channel at Einc =

180 MeV.

tion of the angles into which the fragments are emitted does not
change.. Then, from the observed ccincident angles we can determine
the most probable §-value and T.K.E., using the two-body kinematics.
In Pig. % the values of the T.K.E. obtained from the inclusive mea-
surements and from the coincident angles measurements are compared
at Einc = 180 MeV. The T.K.E. points from the angle measurements
are well reproduced by the Coulomb energies with Ty = 1.2 fm. The
difference between the two values of the T.K.E. around the symmetric
fragments amounts to ~8 MeV, which corresponds to the energy loss
caused by nucleon emissions. We estimate the mass defect A for the
binary fragments by using the expressicn: AE/E = AM/M. We obtain

Al 2 5, which is close to the value extraporated from the mass
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¥ig. 3 Angular dependences of the coincident events at Ei = 180

MeV., The other counter was fixed at ehd:= 45 degrees.
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Fig. 4 Dependences of the T.K.E. on the atomic numbers 7 of the

fragments. The solid circles reoresent the values of the T.X.E.
obtained from the inclusive measurements, and the open triangles
the cnes obtained from the coincident angles measurements where
the projectile-like fragments were detected at Biap = 45 degrees.
The solid curves indicate the Coulomb energies calculated with

ro = 1,2 fm.
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defects measured for the system 528 + 400& at 190 and 225 ¥eV by
Winkler et al.B)

Further amalyses are in progress.

Heferences
1) K. Ideno et al.: JAERI TANDEM Annual Report 1983, »n.75.
2) T, Mikumo et al.: Nuovo Cimento 81A (1984) 79.
2) U. Winkler et al.: Nucl. Phys. A371 (1981) 477.
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5.3 MAGNETIC SUBSTATE POPULATION IN 12C+12C INELASTIC

SCATTERING

Yasuharu SUGIYAMA, Naomoto SHIKAZONO, Yoshiaki TOMITA,

Hiroshi TKEZOE,Toshiki TACHTKAWA, Eiko TAKEKOSEI, Shigeru
* ®

KUBONC and Masahiko TANAKA

*
Department of Physics, JAERT, Institute for Nuclear
Study, University of Tokyo

In crder to clarify the physical processes that underiie the gross

structure in the excitation function of the single and mutual 2t

excitations in the l2C+12C inelastic scattering, a large amount of

experimental and theoretical efforts has been_nadel). There are various

models based cn rescnant or non-resonant conceptions which can explain this

)

gross structure. As suggested by Tanimura et al.2 , however, the
predictions of the models are quite different for an energy dependence and
angular distribution of the spin aligmment.

In the present experiment, the precise angular distributions of the
magnetic substate population for the single and mutual 2" excitations in
the 12C+12
HEthOdB). The quantization axis is chosen to be the direction of the

4). By taking

C inelastic scattering have been measured by the 3 -ray recoil

center of mass scattering angle of the cutgoing nucleus
this axis, it becomes possible to extract m—substate populations precisely
from the measured line Shape4),

Experiments were carried out at JAERI tandem Van de Graaf by using a
newly constructed heavy-ion magnetic SpectrographS). The spectrograph
has a characteristic feature that a kinematic momentum shift k is
compensated well up to k=1.2, so that a high momentum resclution is achieved
over a wide range of k. The angular distributicns of the m-substate
populations for the single and mutual 2" excitations were measured in a
laboratory angle range between 6.6° and 34.6° in a step of 1°. The

differential cross sections for these excitations were simultaneously

measured. The c.m. energies were chosen to be 19.0, 21.5, 24.25, 25.6,
27.3, 30.G, 33.0, 35.0, 45.C and 55.0 MeV in order to map over the gross
structure. Targets were self-supporting natural carbon foils of 50
pg/cmz thickness. Obtained energy resolutions were around 100keV. An
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example of measured line shape is shown in Fig.l. Filled circles represent

experimental points and the solid
C12+C12 ¢ SINGLE

INCIDENT ENERGY = 51.2 [MEV) line is a least-squares fit to
THETA (LAB)= 11.6 {DEG! '
m{0) =0.137 +0.018 the measured line shape. The
m{£{)=0.014 % 0.022 ‘ '
m{x2)= 0. 843 + 0.025 obtained m—substate population 1s
4800 alsc indicated.
4400 The angular distributicns of
40001 the m-substate population are
36001 . : :
ool shown in Fig.2. The population
3200 |
28000 is normalized such that the sum
v 2400 of the populations of m=0, m=tl
§2m00— and m=+2 becomes 1. The errors,
g .
1600 which came from the unfolding
00| o .
f200r procedure, are within the filled
800 -
scol circles. Tt is clearly seen
PR I T U S S e that the substate ulation is
Cgrs 110.0 (22.5 135.0 Pop
CHANNEL NUMBER characterized by angular oscilla-

Fig.l An exarple of a measured ]ine tions which increase in frequency

shape (£illed circles) and a fitted smoothly with an incident energy.

curve (solid line). The cbtained This suggests that partial waves

rsubstate population is also shown. which contribute to the inelastic
scattering become getting large
smoothly, as the incident energy
increases. Arplitudes of oscillations for each substate, however,change
little with an incident energy. The dashed lines in Fig.2 are calculated
assuming that only a single partial wave with the aligned coupling to the
exit channel contributes to the scattering process at the maxima of the
inelastic cross sections whose spins are assigned to be J=12, 14, 16 and 18
at Ecm=19.0, 24.25, 30.0 and 35.0 MeV, respectively. Not only the
amplitudes but also the frequencies are seen to be different from the
measured ones. Therefore several partial waves with aligned and
non-aligned configurations are expected to contribute to the maxima of the
inelastic cross sections.
The solid lines indicated in Fig.2 are results6} of the DWBA
calculations by using the potential parameters of Tanimura et al7). The
angular distributions of the substate populations are satisfactorily

reproduced except for Ecm;19 MeV. This potential parameters have been
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shown to reproduce the gross structure and the particle-{ angular
correlation for the single 2" excitation and angular distributions for the
elastic and inelastic scattering of the 2" excitation., Therefore phencmena
observed in the 12C+12C inelastic scattering can be explained by DWBA

calculations.

27.30

25.80

24.25

21.50

o N X 19.00

v L e

0 20 40 60 O 20 40 60 80

ec_m_ (deg )

Fig.2 Angular distributicns of the m-substate population.
Solid lines are the results of the DWBA calculation.
Dashed lines are calculated by assuming that only a single
partial wave with an aligned coupling to an exit channel

contributes to the scattering process.
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16O+27A1 REACTTON

5.4 INCOMPLETE FUSION OF THE
Hiroshi IKEZOE, Neomoto SHTKAZONO, Yoshiaki TOMITA,
Kazumi IDENO, Yasuharu SUGIYAMA, and Hike TAKEKOSHI

Department of Physics, JAERI

It is well known that the complete fusicn process is the.dominant
reaction mechanism at low bombarding energies. At higher bombarding
energies(EinCZBMeV/u) the incomplefe fusion nrocess contributes
significantly where the linear momentum of theleggrance channel is not

s

transferred completely to the compound nucleus In order o investlgate

the reaction mechanism of the incomplete fusicn process, it is important to
clarify the role of the entrance channel angulsr momentum.

A gelf-supporting 180 ug/cm2 Al target was bombarded at two Iincident
energies of 90 MeV and 150 MeV with 160 beams. The velocity spectra
Vr_gdgd/dvrdﬂ-of residues for typical mass numbers obiained at 90 MeV are
ghown in Fig.l, where Vr is the residue velceity. The solid lines show pre-
dictions of a statistical model calculation assuming the complete fusion.
Since the statistical model calculation reproduces the veloclty spectra
very well, there is no evidence of an incomplete fusion component at 20 MeV.

The velocity spectra measured at 150 MeV exhibits the centroids

deviated from Vccose where Vc and GL are the veleocity of the center of

L!
mass system and the recell angle in the laboratory system, respectively.

[ are plotted (open

symbols) in Fig.2. The cbserved shifts at all measured angles increase as

The velocity centroid shifts & = (?;—VCCOSGL)/VCCOSB

the mass munber decreases.

In the following discussion, it 1s assumed that emission prior to
fusion of a single nucleon or a single o particle with beam velocity is
responsible for the observed velocity deficitsT The velogity shift §{Z,A)
for each residue{Z,A) is approximated by

' §(z,4) = lel(z,A) + 6uFu(Z,A),
where F_{Z,A) and Fu(Z,A) are the fractional yields of the residue(Z,A)

L 2 L2 39
originating from a residual ccmpound nucleus Ca {or 8e) or K

?
regpectively, with respect to the total yield of the same residue. The
veloeity shifts due to a single nucleon and a single a-particle pre-emi

ssion are denoted as 61 and Gu, respectively. In order toc understand the
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trend of the centroid shifts, two different model analyses were performed.
One is based on the peripherél collision assumption and the cther is based
on the angular mementum independent assumptiocn.

In the peripheral collisicn assumption, the incomplete fusion process
takes place within a localized angular momentum window £X<£<£C, where £C
ig the critical angular momentum. Freom this window, nucleon or o-particle
pre-emission takes place with the emigsion ratio y of the a-particle pre-
emission to the nuclecn pre-emission. The complete fuslion process is asgumed
%o ocecur in the central regicn O<£<EX. With given values of Y,.F (Z,A),
Fa(Z,A) were calculated by using the statistical model code_PACE%). The
quantities obtained from thls analysis were RX=23—26 T, y=0.4-1 and B=50-
60 %4. B is the ratio of the cross section of the incomplete fusion Oinp
to the total cross section of the fusicn-like residues(cicf+ocf). The
calculation(solid symbols in Fig.2) underestimates the shifts for heavier
residues(A233).

According to this calculation, the heavy residues(A=35,3€) are
produced only if the o particle is evaporated with large kinetic energy (
Ecm=25—30 MeV) well in excess of beam velocity o particles. The residual
compound nueleus after o-particle pre-emission with beam velocity still
hags a high excitation energy, sc¢ that many particles can evapcrate to
produce lighter residues (AZ34L). The nucleon pre-emission is then supposed

+to be mainly responsible for the velocity shifts of the heavy residues (A=

'35,36,37) but can not induce sufficiently large shift. Therefore, in order

to account for the observed larger shifts of heavier resldues, ix gshould
pe reduced since these heavier residues are produced favourably from the
low angular momentum regicon of uQSc or MECa{ On the cther hand if lx is
reduced too much, the velocity shifts for lighter residues (AZ30) would
become tooc large. Hence the range of the optimum value for ix is limited.

We now discuss the data analysis based on the angular momentum in-
dependent assumption, in which the partial cross section for fusion-like
residues is simply divided into o . and 0. ap by the ratio B/(1-B)
irrespective of the angular momentum. In this analysis, larger velccity
shifts for the heavier residues than in the case of the previous analysis
can be expected, because even in central collisions incomplete fusion
contributes, The results of a calculation with y=0.5 and B=50 % are shown
in Fig.3. The asgreement with the data is better than in the previous

analysis based on the peripheral collision assumpticn.
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The present analyses suggest that the angular momentum independent
agssumption is more favoured than the peripherzl collision assumption to
account for the incomplete fusion mechanism. In other words, the incomplete
fusion process is not lecallzed in the peripheral region but rather widely

distributed in the angular momentum space of the entry states.
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Fig.1l Velocity spectra Vr_gdzc/dvrdﬂ of evaporation resldues

at 90 MeV. The mass numbers 39, 36 and 33 mainly correspond to
the 2n2p, onl2p and Zonp cagcades, respectively., The s0lid lines
are the predictions of the statistical model code assuming the

complete fusion of the 16O+27Al reaction.
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symbols.
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5.5 A STUDY OF LIMITING ANGULAR MOMENTA IN FUSION REACTION

Hircshi IKEZOE, Naonoto SHIKAZONO, Yoshiaki TOMITA,
Yasuharu SUGIYAMA, Kazumi IDENO, Eikc TAKEKOSHI,
Toru NOMURA¥*, and Toshiki TACHIKAWA*¥

Department of Physics, JAERI, *Institute of Nuclear Science,
University of Tokyc, ¥¥Industrial Machinery Design Department

Sumitomo Heavy Industries LTD.

)1’2’3) for fusion

Time-dependent Hartree-Fock calculation (TDHF
reaction predicts that low partial waves do not contribute to the formation
of the compound nucleus at bombarding energies above a certain critical
value., In order to investigate the TDHF prediction experimentally, it is
ezssential to measure guantities sensitive to low angular momentum of the
entrance channel, It is well known that in the fusion-evaporation process,
heavier residues produced by only nucleon evaporations are originated from
decays of the compound nucleus with iow angular momenta., Taking into
account this property of the compound nucleus decay we measured evaporation

residues of the 16O+16O and 16O+l2C fusion reactions. The TDHF calculations

1,6) predict the thresheold energy of Ecﬁﬁ 27 MeV for these systems.
2
Targets of 220 ug/em neatural carbon and 310 ug/cm2 SiO2 were

hombarded by l60 ions (ELab= 70-130 MeV). The evaporation residues {ER)
were measured by a time-of-flight telescope (TOF} and an ionization chamber.
At each bombarding enegy the angular distribution of ER and the elastically
scattered l60 ions were simulteneously measured in a range of 3° +to 25° in
a step of 2° . The ER cross sections were normalized to the forward elastic
scattering.

Bach reszidue cross section is shown in Fig.l. Data were compared with
the statistical model calculation CASCADEM). Four channel wversion of
CASCADE was mcdified sco as to include 3He evaporation in addition to
neutron, prbton, deutron and a-particle evaporations. Almost the same level
density parameters as used in ref.4) were assumed. Known low lying
individual levels of all intermediate and final nuclel were used up 1o
excitation energies of 2-5 MeV. Total fuslon cross sections measured by

5)

Beck et al were used tc estimate the critical angular momentum of the

fusion reaction.

— 167 —



JAERI-M 85-104

The 3He evaporation in the CASCADE calculation was important for
yields of 2uNa,a,nd ?lNe. Caleulated yields of these nuclei were enhanced
by including the 3He evaporation at the energy region of'Ecm=30-50 MeV, so
that agreements with data became very well. The ER cross sections of 26A1,
25Al, 85Mg and EhMg, which are faveurably produced from the low angular
momentunm region of the entrance channél, are reproduced very well by the
CASCADE calculabtion. IMg.2 shows the ER cross sectiohs (dashed lines)

calculated assuming the predicted low T cutoff6) together with data. This
calculation dlsagrees with data entirely at Ecm>h0 MeV, which means that in
the present bombarding energy regilon (Ecm=30—56 MeV) there is no evidence
of the low L cutoff.

Fig.3 shows each ER cross section of the l60 on 160 fusion reaction
together with the CASCADE calculations. Agreements with data are rather
good éxcept 20Ne. The yield of 2O_Ne probably includes contributions from
other reaction channel in addition to the fusion reacticn. The ER cross
sections sensitive to the low angular momentum are those of 285i and 28A1
in this fusion reaction. The CASCADE calculations were performed assuming
the predicted low L cutoffl) and are shown in Fig.bh. It is clearly seen
that the calculations disagree with data. The measured fusion cross sections
of 7=1hk and A=28 of the 20Ne on 120 fusion reactionT’B) were comparéd with
thoge of the same residues in the l60 on 160 fusion reaction. These two
systems form the same compound nucleus 328 but with the different low L
cutoffs predicted. There is no difference in the ER cross sections observed
in these two systems, that is, no evidence of the low L cutoff in the * 0
on l60 fusion reaction,
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5.6 PRE-EQUILIBRIUM EMISSTION OF LIGHT PARTICLES
IN THE HEAVY-TON REACTIONS

Akira IWAMOTO and Xichinosuke HARADA
Department of Physics, JAERI

From the inceomplete fusion experiment, it is suggested that the
emission of fast particle is strongly correlated to the velocity of

1)

nucieons measured in the center-of mass frame. Fast particles are

thought to be emitted in the early stage of fusion reaction. We made a
model which fits such situation.z) In the early stage cf the
fusion, there are two flows of flux with opposite directions, one coming
from the projectile and the other from target. Considering the Fermi
motion of projectile, target and compound nuclei, the mementum space for
nucleon is given in Fig.l. Basic assumption of our medel is te assume
twe sources of particle emission in the formalism of exciton model.
Hatched regicen on the right and detted region on the left are particle
and hole states whose linear momentum are directed to the right and we
call them as projectile source, In the same way, target source is
defined by the left hatched and right dotted regions., These two sources
are assumed to independently emit the fast particle. We define the
particle-hole number, energy and linear mementum of these tow sources
and they are used as the initial condition of the exciton model
calculation.

For the momentum dependent part of the level density, we start from

3)

the method of Madler and Reif but the detailed formula are not

2)

An example of the energy spectra of proton at four de-

given here.
160 on AOCa &)

tection angles for the reaction of 157 MeV is given

in Fig.2. The experimental data are taken in coincidence with the
evaporation residue at 9 and solid line is our calculation with an
overall normalization because the latter is an double differential cross
section, From this figure, we see a rather good fit to the data. The
enhancement of fast component as we go to the forward angle is clearly
reproduced, These calculations are further extended to calculate the

alpha emission and several experimental data are analyzed and fairly

good agreement between the theory and experiment are obtained,
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5.7 ENHANCEMENT OF SUB-BARRIER FUSION CROSS SECTION
DUE TO NECK FORMATION

Akira IWAMOTC and Kichinosuke HARADA
Department of Physics, JAERI

Enhancement of the sub-barrier fusion reaction was calculated by
extending the model developed last year.l) First new point 1is the
calculation of the potential enérgy for the neck-formed shape by using
the method of Krappe et al.z). The shape of it is defined by the
two-center harmonic oscillator parametrization with the value of neck

parameter fixed te 0.5. The results show the lowering of the potential

energy compared to the mo neck shape as is expected. The degree of
lowering is about 3 MeV for 4OCa + 4OCa system and 12 MeV for
902r + 9OZr system with the tendency that as the system becomes

heavier, the enhancement becomes larger. Another thing resulting from

the numerical calculation is that the position of the barrier shifts to

larger distance between two nuclei for neck-formed shape compared to the

no neck shape, an important point not taken into account by the usual

model. The second new point is the calculation of the transition

probability from no neck state to neck formed state. It was assumed
1)

zerc range in the previocus treatment but the finite rangeness 1is

taken into account properly now.

. 40
Numerical calculation was done for several systems, Ca +

4OCa, 56’64Ni 56’6&Ni 74Ge 74Ge and 9OZr + 9OZI.

all reactions examined we got a fairly goed fitting to data by using the

+ + For

3

same strength of the transition matrix element. Calculation of the
asymmetric system was not performed because cf the ambiguity of the

charge equilibration, but extension to this direction is under way.
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5.8 LOW-LYING ISOVECTOR COLLECTIVE STATES AND
THE INTERACTING BOSON MODEL

&
Takaharu OTSUKA and Jeoseph N. GINOCCHIO

%
Department of physics, JAERI, Theoretical Division,

Los Alamos National Laboratory

. . . + . .
Low-lying isovector collective 2 states are studied in the
Samarium isotopes in terms of ‘the Interacting Boson Model version 2
1
(xBu-2) V)

2 . i1 . . .
freedom,), and is capable of describing states which are isovector in

. The IBM-2 treats explicitly the protomn and neutron degrees of

3
the proton and neutron quadrupole degrees of freedom ). We searched for
isovector states and properties in the low-lying collective state regiom,

taking the samarium isotopes as an example. Based on EZ transition data,

l&B,ISOSm

s g , + ,
it is pointed out that the 2 3 states of are 1i1sovector, or

2,3)

F-vector in terms of the F-spin formalism . Fig. 1 shows result of an

IBM-2 calculation for the EZ transitions O+1 - 2+l’ 2+2 and 2+3 of

148_154Sm The calculation is yet a phenomenolegical fitting but uses
different proton and neutron boson charges (i.e. F-vector boson charge),
exibiting the first comprehensive agreement to experiment. In Fig. I, the
experimental data are compared also to calculation in terms of the IBM-I
which does mot distinguish the proton boson from the neutron boson and can
describe only isoscalar-type {(i.e. F-scalar in the F—spin3)) collective
states., Clearly, the IBM-1 fails to describe the experimental data,
suggesting the importance of the F-vecter boson charge which has been
ignored in previous studies. Fig. 2 shows values of F-scalar and F-vector
boson charges obtained by the fitting calculation, and ratios between
proton- and neutron-bosen transition matrix elements, Mp/Mn' The ratio

148’1508m indicates that these 2+3 states

3
are almost purely isovector {(i.e. F-vector) states.

M /M = -1 for the 0 . » 2V, of
P n 1

Some predictions of B(M1)'2 are obtained for further confirmation of
the isovector properties. For example, B(MI; 2+3-+ 2+l )} are predicted as
0.46, 0.47, 0.06 and 0.02 (uNZ) fFor 1287104

large values indicate dominance of isovector (i.e., F-vector) components in

Sm, respectively. The first two

. +
the wave function of these 2 3 states.

This work has been published in Ref. 3.
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transitions in 152’ISQSm.
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5.9 RENORMALTZATTON OF g-BOSON EFFECTS IN THE
INTERACTING-BOSCON HAMILTONTAN

*
Takaharu OTSUKA and Joseph N. GINOCCHIO

*
Department of Physics, JAERI, Theoretical Division,

Los Alamcs National Laboratory

There are two major steps in the micrescopic derivaticn of the Inter-—
acting Boson Model (IBM). The first step is the mapping from the nucleon
system onto the boson systeml). Boson states and Hamiltonian are obtained
in this mapping as boson images of nucleon states and Hamiltoniaul).
Since low-lying quadrupole collective states are mainly composed of the
J=O+ (8) and J=2+ (D) nucleon pairs, the corresponding boson states
also mainly consist of the J:O+' (s} and J=2+ (d) bosons which are
boson images of the S and D pairs. There are, however, non-negligible
admixtures of J=4+ (G} pairs in the low-lying collective states.
Consequently, the mapped boson states contaln certain amount of the J=4+
(g) boson which is the boson image of the G pair.

The second major step concerns the treatment of these g-boson admix-
tures, because only the s and d bosons are explicitly treated in the IBM.
In fact, phenomenological analyses do not indicate the need for explicit
treatment of g bosons to describe most of the low-lying collective states.
We proposed a method for treatment of the g-boson admixtures. The method
is based on a unitary transformation between the d and g bosons. By choos-
ing the proper mixing angle in this transformation, the coupling between
the mew d and g becomes minimal, thereby producing a rencrmalized s-d
boson (or IBM) Hamiltonian starting from a more fundamental Hamiltonian.

We applied this renormalization method to an s—d—g boson system which
similates a rotatiomal nucleus l58Gd. Fig. la shows spectrum obtained by
solving this s-d-g boson Hamiltonian directly in terms of the angular
momentum projection of the deformed intrinsic state. Fig. 1b shows spec-
trum obtained by diagonalizing the s—d bosen (or IBM) Hamiltonian calcu-
lated by our renormalization method. This Hamiltonian contzins up teo two-
body interactions as assumed iIn the phenomenological TBM. The agreement

between these two spectra is remarkable. The spectrum obtained by diago-

nalizing the s—-d boson part of the original s-d-g boson Hamiltonian
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(Fig. lc) deviates from the exact one (Fig. la) by a factor three, indi-
cating the Importance of the renormalization. The low-lying collective
states can now be described within the s-d boson space after the appropri-
ate unitary transformation. The second-order perturbation for the g-boson
admixture is not suitable in this case, since the admixture is too large.
The renormalization method can be generalized to problems about
strong coupling between two degrees of freedom inside (for example the d
boson) and outside (for example the g boson) the truncated space. The
major effect is, in general, a reduction of the self-energy of the former
degree of freedom. Fig. 2 shows how self-energies (single-particle
energies) are changed by the rencrmalization in the above example.

This work has been published in Ref. 2.
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6.1 SCATTERING OF 1Z.8 MeV NEUTRONS FROM 28Si

Yoshimaro YAMANOUTI, Masayoshi SUGIMOTC, Yutaka FURUTA
Motoharu MIZUMOTO and Mikio HYAKUTAKE*

Department of Physics, JAERI, *Department of Nuclear

Engineering, Kyushu University

Measurements of the nucleon scattering from 2851 in the enetrgy region
above 10 MeV have been reported during the last ten yearsl_7).
Analyses of these experimental data with the DWBA or coupled-channel
methods have revealed the collective behavior of the low~lying excited
states of 288i. Differential cross sections for the scattering of
12,8 MeV neutrons from 2881 were measured in order to get deeper under-
standing of the reaction mechanism in this energy region and collective
properties of the low-lying excited states of 288i.
In addition to the previous measurementég), differential cross sections
" at backward angles larger than 130° were obtained,and dead time of the
counting electronics was compensated in the present measurements. In crder
to ascertain the absolute values of the cross sections, time-of-flight
spectra at several scattering angles were remeasured. The neutron TOF fac-
ility and the experimental methods have been described previouslyg).
The experimental cross sections were analyzed by the optical modeil,
the DWBA theory and the coupled-channel formalism. In the first step,
the elastic scattering data were analyzed by the cptical model with the
standard potential form by using the code ELIESE3. The form factors for
the real part and the imaginary part are of the Woods-Saxon type and
the derivative Woods-Saxon type, respectively. The optical potential
parameters were searched for automatically to give the best fit between
the calculated cross sections for the shape elastic scattering plus the
compound elastic scattering and the experimental elastic scattering cross
sections. The compound elastic and compound inelastic cross sections
were estimated by using the Hauser-Feshbach formalism. The (n,n) and (n,u)
channels were taken into account, and higher excited levels were assumed
to be overlapping and treated through a nuclear level density. The best

fit optical potential parameters are listed in table 1. Also included in

the table are the volume integrals (J/A)y and (J/A)w for the real and
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Table 1

Optical potential parameters and volume integrals

(geometrical parameters in fm, potential depth in MeV, J/A in MeV. fm3)

v T a W) Ty ap Vgp Tso 280 (J/A)yy  (S3/A)y

55.67 1.132 0.686 8.07 1.259 0.567 6.0 1.15 0.58 471.2 128.7

imaginary potentials,
Pt
respectively. The volume e
& 500 o
integrals obtained in the = + o o
present work were compared & T
with the results of the dif- . 400
-~
ferent experiments to under- I N Obst 5)
< Rapaport 2
stand the systematics of the ™~ + pap ' )
2100 o present work
optical potentlals since the ) ] Kliczewski 3)
~
volume integral can be less T
Y=
dependent on the choice of o 200
U
geometrical parameters. The X a
+ o
energy dependence of the = 100 © +
b L
volume integrals is shown in 22
<
fig. 1. The volume integrals ™~
. . [ I
obtained in the present work 12 1 20
are qualitatively consistent E, (MeV)

with other results. )
Fig. 1 Energy dependence of the volume

The DWBA calculations
integrals for the real and

were carried out for the ] '
+ imaginary potentials.

cross sections of the 2 and

&+ states by using the code

DWUCK4. The best fit opti-

cal potential parameters in table 1 were used in the calculations. The

scattered neutrons leading to the 0+ state at 4.979 MeV could not be

resolved from meutrons tc the 4+ state at 4.617 MeV. The compound inelas-

tic cross sections for the 2nd O+ were added to the compound inelastic

i + . R +
cross sections for the 4 state. The direct contribution from the 2Znd 0

state was.alsc calculated to obtain the best fit to the experimental cross
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sections by varying the defor- 28 78
Si(n,n)} "Si

mation parameters 84 and 8q-
E = 12.8 MeV

The best fit deformatiom para- n
meters fy, B4 and By are 0.46, rotational
0.19 and 0.07,respectively. 2
O ——— — optical model

The fits to the experimental o
cross sections are shown in j%
fig. 3. Each theoretical £
curve calculated by the DWBA 5?5

g

or the coupled-channel forma- |~ 1o}

lism in figs. 2 and 3 are

the incoherent superposition

of the direct contribution and

the compound nuclear contribu- \

. ol N /
tion. 10 \\ HF //
The coupled-channel calcu- ~ - /ﬂ/"/

T
lations based on the rotatio-
nal model were performed by ( | | | |
using the code JUPITOR1. In » ° 0 e 10
-5, (deg)

these calculations the O+
(0.0 Mev), 27(1.779 Mev) and

4+(4.6l7 MeV) states were ass-—

Fig. 2 Experimental cross sections of
the elastic scattering and
thevretical curves by the

umed to be the members of the optical model and coupled

round state rotational band .
g ? channel calculations.

and the same optical potential parameters as those in the DWBA calculations
except the imaginary potential depth Wy were used. The imaginary potenti-
al depth was adjusted to 4.84 MeV to preserve the fit to the elastic scat-
tering cross sections. The calculations were first performed with the
O+—2+—4+ coupling scheme. The result shows that the cross sections calcu-
lated for the 4+ state are systematically smaller in magnitude than the
experimental cross sections in the whole angular range, and do not repro-
duce the pattern of the angular distribution. This disagreement might be
attributed to neglecting the direct contribution from the 2Znd O+ state.
Therefore, the calculations were performed with the 0+—2+-4+—0+ coupling
scheme by assuming the Znd 0" state as the head of the K = O+ rotational

band built on a B-vibrational excitation. The quality of the fit to the

+, -t . . .
4 (0 ) cross sections was improved satisfactorily by considering the direct
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contribution from the 0+ state
(see figs. 2 and 3).

The deformation parameters were

adjusted to give the best fit ’g
to the experimental c¢ross sec-— Eé
tions. The best fit guadrupole &
deformation parameter and the ~
deformation parameter for the < %

o

B vibration are -0.42 and 0.29,
respectively.

The experimental cross sections
for the 0+,2+ and 4+(0+) states of

8Si were well reproduced by

107 —

<\

28

*
Si(n,n')ZBSi

—_—— e e ——

the coupled-channel calculation BF
based on the rotational model 109 rotational
with the coblate quadrupole - — = — DWBA
deformation.
| ! ! ! 1
30 60 90 120 150
Ocm {deg)

Fig. 3 Experimental cross sections of
the inelastic scattering and
theoretical curves by the DWBA
and coupled-channel calculations.
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6.2 MEASUREMENTS OF FAST NEUTRON SCATTERING CROSS SECTIONS
OF ALUMINUM

Masayoshi SUGIMOTO, Yoshimaro YAMANOUTI, Yutaka FURUTA,
Motoharu MIZUMOTO, Susumu NTSHTHARA

and Mikio HYAKUTAKE*

Department of Physics, JAERI, *Faculty of Engineering,

Kyushu University

Introduction

The JAERT tandem fast neutron time-of-flight {(TOF) spectrometer was
used tc measure the angular distributions for 13 MeV neutrons scattered
from aluminum. The differential cross sections cof neutron scattering from
Al are of great interest from the theoretical and applied viewpoints. {1)
The low-lying excited states of 27A1 can be described as weak coupling of

28.,.1)

the d proton hole state to the collective excitations of Si

(2) Az/iluminum is proposed as the structural material of the fusion
reactors, the priorities of nuclear data requests are high. (3) Another
purpose of this measurement is technical advancement: the TOF spectra were
obtained from the list mode event record data by using the new approach to

improve the time resolution of the large—efficiency neutron detectors.

Measurements

Neutrons were generated through the reaction D(d,n)SHe by bombarding
a deuterium gas target with 10 MeV deuterons extracted from the in-terminal
source and accelerated in the single way of the accelerator . The
average beam current and pulse width were 2 uwA and 2 ns, respectively, at a
2 MHz repetition rate. The neutron scatterer was a 32 cm diam and 4 cm
high cylindrical zluminum and mounted at a distance of 15 cm from the
neutron producing target. The main detector system consisted of four 22
em diam and 35 cm thick NE213 liquid scintillators contained in the glass
vessels which were viewed by the two RCAB854 photomultiplier(PM)s at the
front and the rear faces for the purpose of the time—compensationz). The
detectors were placed in the shield-collimatcr with an 8 m flight path.
Two unshielded monitor detectors were set at the 35 deg with respect to the

beam direction. Each detector was 2 cm diam and 1.2 cm thick NE213
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scintillator mounted on the RCA8575 PM and the Hamamatsu R594 PM,
respectively.: One of the flux monitors was alsc used as the beam pulse
width monitor.

The scattered neutron TOF spectra were taken at the 15 laboratory
angles between 20 and 140 deg at 13 MeV and at the 60 and 100 deg angles in
the energy range from 12.3 to 13.5 MeV.

The background spectra, sample-cut and gas-out with sample-in, were
taken at each angle, and the scattered neutron spectra from silicon were
also measured at the several angles to obtain the line shape for the single
energy peaks.

The relative detection efficiency was measured by observing the
angular distribution of the reaction D(d,n)SHe at 10 MeV and comparing
with the evaluated cross seotions3). The incident neutreon flux was
measured at 0O deg with the main detectors in order to normalize the
relative cross sections. In some cases of these direct source measurements
the counting rate at the input to the time-to—amplitude converter(TAC)
reached to 105 cps, s¢ the average beam current was decreased by about an

order and the dead-time counting loss at the TAC was monitored.

Data acquisition and processing

The data were accumulated using the PDP 11/55 - 11/04 - MBD(Micro-
programmed Branch Driver) - CAMAC system with two modes concurrently : 1)
the single mode multichannel analysis for the conventional method of the
time—compensationd) and 2) the list mode event recording for the new
approach of the "software'' compensation.

The principlé of the time—compensation derives the compensating
formulaeq): Td = Tl - o T2, where the compensation factor ® is proper to
the detector and determined experimentally, and it depends on the neutron
velocity. The conventional methed can be called the "hardware"
compensation because the combination of the electronics modules is used to
attain the best time resolution and it employs a constant © for the
representative energy of the measured neutrons. On fhe other hand, the
n"software" compensation is the data processing method to manipulate the
ligt mode event data, (T1,T1-T2,PH,PS): Tl is the TOF of the rear-side PM;
T1-T2 is the difference of TOF between the two PMs; PH i1s the pulse
height; PS is the pulse shape information based on the rise-time

difference tc discriminate the gamma rays. In the design of the detector
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we performed the extensive simulations of the light propagation in the
scintillator and the formation of the timing signal at the PM by the Monte
Carlo program and found that the o was alsc dependent cf the radial
distance of the detection point. To circumvent the defescts of the
"hardware" compensation we applied a new approach using the direct
information of the detecticon peint, i.e. T1-T2. The list mode events were
firstly gated by the lower and upper levels corresponding tc the hardware
discimination levels, and secondly selected by.the two-dimensional gates
defined at the three maps:the PS vs. PH map was used to define the n-v
discrimination, the Tl vs. PH map was used for the dynamic biasing
which applied the neutron energy dependent bilases to reduce background,
and the Tl vs. T1-T2 map showed the detection point and the detector
identification. An example of the maps processed by using the VAX 11/780
and E&S Multi Picture System is shown in Fig. 1, for the direct neutron
source measurement at 0 deg with no gate. The compensated TOF spectra
were obtained by gathering the gated Tl spectra at the every T1-T2 channel
to the specific T1-T2 channel and by projecting along the compensation
lines shown in Fig. 2. These lines for the energies between 5 and 13 MeV
were defined from the cobserved ridges of the mono-energitic peaks of the
D(d,n)SHe neutrons measured at the several angles. All the lines were
neither straight nor identical in contrast to the assumption of the
"hardware" compensation. Fig. 2. shows the enlarged map of the 5.4 NMeV
neutrons cbserved in the source measurement at 85 deg. Fig. 3(a) is an
example of the compensated spectrum at =50 deg. Some improvements about
the peak separation are seen compared with the fig. 3(b), which is
obtained from the "Hardware'" compensation. |

The further processing and analysis of the obtained TOF spectra is in

progress,
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Fig. 1 An example of the

mapps of source neutron data:

(left—up) PS vs. PH (right-up)

T1 vs. PH and (right-down) T1 i

vs., T1-T2. Tl and T2 are T

time-of-flights obtained from — i —T1
the rear-face and front-face ¥
photomultipliers, detector
respectively. PH is the pulse 5 #1
height and PS is the pulse ‘

shape information based on the : #2
rise-time difference for the i

n- discrimination. In the #3
PS vs. PH map the neutron is | 4
only shown because of the —T1

hardware n-y discrimination.

Fig. 2 The compensation

lines used in the data

MeV

4.9

processing for the neutron

13,0

En,

energies between 5 and 13 MeV

which were defined by using \

the mono-energitic neutrons

observed at various angles \
of D(d,n)aHe reaction. The \
dashed line shows the \
"hardware' compensation
factor o , schematically.

The data in the map shows the

—= T1-T2

5.4 MeV neutrons measured at \

85 deg. The spread in the

Tl axis represents the

intrinsic time resclution and
the spread in the T1-T2 axis
represents the variation of
the detection point in the 3%

cem thickness of the detector.



JAERI-M 85-104

+ + o +— 4
I (a) K !
1200 1 (&), © ]
1 2 Al(n,n) and (n,n') 8 ]
] 13 MeV, 50 deg :;.
1000 + L = 4
’__{ 3 . . 1
] 4 o —
= - -
e <+ ™ — <
Z 800 T N &3 ]
o 1 NN o L 1
éj L
g oo | 3 ]
[f#) <+
E | : i
3 Loo i ' ,x”
[ ] _1:‘ £
200 .: V:‘r_p\'--" '._.'- :._. ;' :- R
T » ."v'“ ‘-‘-‘\. ,.;’r '..-’-' " -
_.,...--'.Z:A-'-'.-F‘--"‘"‘.:‘-" '!' T 'f‘\u\,- v \'1-..
0 — bt ~+ ———t + +
0] 100 200 300 L00 500
channel number
oty :
E o ?
oco 1 (b) o 3
T i 2701 (n,n) and (n,n') g +
6000 1§ 13 MeV, 50 deg “1 . H
[ [v4] — 3
£ > )
= .
2 5000 N -
o . o e s !
o] o~ oo
5 4000 NN O
;\ h"l’h t
B 3000 ¥ ,
wn E ",, *
-E} § ?" "o
5 2000 i I 1 s
3 . :
3] 1 - \ v,oP
1000 : S
y ' " * .
c " J T
G 100 200 306

channel number
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bars at each data point in (b) show the statistical uncertainty. Some

lower levels are indicated by their excitation energies.
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6.3 NEUTRON RESONANCE TPARAMETERS OF l420e

Makio OHKUBO, Motoharu MIZUMOTO, Yutaka NAKAJIMA,
Masayoshi SUGIMOTO, Yutaka FURUTA and Yuuki KAWARASAKT

Department of Physics, JAERI

As cerium(Z=58) situates near the 4s peak of the s-wave strength

functicen, 1t is worthwhile to measure the isotopic dependence of the

strength function experimentally; 14OCe is an N=82 closed shell

nucleus,in the vicinity of which intermediate structures are cften observed.

Also cerium isotopes are FP nucleil. The resonance parameters of
142 1 .

Ce are very poorly Kknown. ) No measurements were made since
Newscon et al. did in 1959 using a VDG.2) Since cerium is included in

the 6Li—glass neutron scintillator as an activator, its cross section
is important for the accurate efficiency calculation. We have made
neutron transmission and capture measurements on natural cerium and
separated isotope 142Ce at the TOF facility of the JAERI electron
linear accelerator.

Pulsed neutrons were produced on a tantalum target bombarded by an
electron beam of the linac; the beam energy ~110 MeV, peak current ~ 34,
beam pulse width 25 ns, and repetition rate 600 pps. A neutron trans-
mission detector was a 1 l/2”¢ x l/2" 6Li glass exposed in a 35 mmsﬁ
neutron beam at +the 47 m station. The capture detector was a 500 1
liquid scintillator tank settled at the 55 m station. The signals from

these detectors were analyzed by a 4096 channel time analyzer with a

31.25ns channel width. Separated isotope 142Ce sample was oxide
CeO2 with an isotopic content 92.11% of 142Ce and 7.89% of 1400e lent
from the ORNL isotope pocl. The natural cerium sample was alsc oxide
with a major isotopic content 88.48% of l4OCe and 11.08% of 142Ce.
Observed total cross secticons of l420e nuclide were obtained

from the transmissions of natCe and l420e samples, and are shown in
Fig.1l up te 30 keV. Transmissicn data of ldzCe and 14OCe were ana-—

lyzed by a multilevel shape fit program SICB to cbtaln resonance energy

E. and neutron widthf}r

0
142
Resorance parameters of the 40 levels of Ce up to B0 keV are newly

determined. A plot of cumulative number of levels vs. neutron energy is
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shown in Fig.2, and the average s-wave level spacing was deduced to be

DO=O.75 +0.12 keV for the resonances with r;O;ZVO.B meV, Cumulative

values of r;O vs. neutron energy are shown in Fig.3, and the overall

. 142 . .
s-wave strength function of Ce is estimated to be Soz (2.7+40.6)

x10"% below 50 keV. This value is about 2.5 times larger than the

- -4
14OCe strength function of 1.1 x10 reported by Camarda from 20 to

. 142 . . .
240 keV region. 3) The observed SO of Ce is ' consistent with the

systematics of the s—-wave strength function vs. mass number. In Fig.3
there seem leaps at 1.3, 24, and 43 keV, indicating strong levels at
these energies. For 140Ce, cumulative wvalue of f;o vs. neutron

energy is shown in Fig.4, where an extraordinary large resonance appears
at 21.6 keV, and is thought to be a simpler (intermediate) structure
which is not yet thoroughly washed out by residual interactions. On
the other hand large levels in 142Ce cluster near 24 keV, which 1is

thought to be one of the structures often observed in the nuclei in the

vicinity of the neutron closed shell.
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Fig. 2

A plot of cumulative number

of levels vs. neutron energy.
Average s-wave level spacing 1is
deduced to be 0.75x0.6 keV.
When the very small levels

are included, average level

spacing is 0.4% KkeV.

Fig. 3
A plot of cumulative values of
r;O vs. neutron energy for 142Ce.
Overall s-wave strength function
is deduced to be 802{2.710.6)X
lO_a. The leaps are seen at

1.3, 24, and 43 keV with
an average distance of 20 keV.
Between these leaps, SO is

l.2x10_4.(dotted lines)

Fig. 4
A plot of cumulative values of
1
r;O vs., neutron energy for 4OCe.

The solid lines indicate strength
function of S,= 1.1x1077,

A leap is seen at 21 keV,
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6.4 NEUTRON CAPTURE AND TRANSMISSION MEASUREMENTS AT A 55 M
STATION OF THE JAERI LINAC

Motoharu MIZUMOTO, Masayoshi SUGIMGTC, Makio CHKUBO,
Yutaka NAKAJIMA, Yutaka FURUTA and Yuuki KAWARASAKT

Department of Physics, JAERI

Introduction

Accurate neutron cross sections of fission product nuclei are of
practical importance for reactor applications. In particular, capture
croge sections in the keV region of odd mass nuclei are requested with high
priorities, since they contribute significantly to total neutron absorptiocn
rate in the reactor ccre. Average resonance.parameters such as strength
function and level spacing are also needed to evaluate average cross Sec-—
tions. As a part of our continuing efforts to provide nuclear data of
fission productsl), capture and transmission measurements for odd Barium

(135 137

Ba and Ba} were carried out at a 55 m station of the JAERI

isotopes

linac. Several resonance experiments for these nuclei have been previously

made 1in the energy region below 2 keVg’a). The capture experiments have

been also carried out at ORELA to extract capture areas for resonances
from 2.7 to 12 keV as well as average capture cross sections below 200
keV4). In the present experiment, we have determined neutron widths for

135 137Ba in the energy region up to 4 keV and up to 9 keV, respec-—

135

Ba and
tively. Average capture cross sections for Ba were deduced from 4 to
300 keV. Capture cross sections for some other nuclei such as Fe, Ce, 5n
and Ta were also measured using the same facility at the 55 m station

during the past year.

Experiment and analysis

Measurements were carried out with the neutron time-of-flight methods.
The linac was operated at 300 pps and 600 pps with an electron burst
width of 30 ns. Capture events were detected with a 500 1 liguid scintil-
lator tank at 54.46 m. The characteristics of this scintilation detector
were investigated in some detailS) and the experimental pulse height dis-

tribution was compared with the Monte-Carlo calculation as shown in Fig. 1.

THe neutron flux shape was monitored with a 6Li glass detector. Beam
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filters were in-

serted ‘perma-—
nently in neutron
beam; % mm boron
nitrate to absorb
low energy neut-
rons and 9 mm Pb
reduce

to gamma

flash. Metallic
Na of 8 mm thick
encapsulated in

an Al container
was used for cap-
ture measurements

to normalize back-

grounds at the 2.85 keV resonance.

Counts per channel

em ¢ x 0.63% cm thick

as 135
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Fig. 1 Experimental and calculated pulse height

6Li—glass detector at 56.32 m.
Ba(79.04 %) and 1°7Ba{81.9%) were provided in the form of

distributions of Ta(n,¥Y)
Transmission were measured with an 11.1
Enriched samples such

carbonate

and nitrate powder, respectively, from the Isotope Division of ORNL.

The capture count rates were converted to relative capture cross
[TERATION FINRL SHMPLF THIEKNESS D DDBEO
T T T i I ! I
- O| Qidﬁ-&"}‘%fm}" ‘“%ﬁ"‘*ﬁ-’ﬂﬁﬁh@m"H‘ Ml&!!i‘;{fﬂl '411 My ’“ fl'iu ";M ri,,i Lﬁ‘ |!H"‘l"l; b mﬂ!dihkh_
T A & w”;f’*ﬂ g
LI.., ; 1) ) 3(1] i ; t&
Z ‘{;I‘ it iy | |\ 11 { [ T
A Ii\ v 1 Ilr r Q‘»' i it | i l.
SO ¢ o L
o Yh # LTL) | H S
75 i o Yo !
P 53 d ! ﬁ W]
o I i |
= g .
T :
et ) IE
— i %
4;: b
-0.0L ' .
1 ; 1 i | | J S S S _‘. S - l 1 I L JI
NOUATT E) LA cLRD S NLTI0 NnLR0 oL an [N .10 .20 FLAD
- [ H 7l 'R . P NS - 3 2
TNCTORNT NEUTRION ERERGY TRV s10”
Fig. 2 An example of resonance analysis of the transmission data. The

solid line is the calculated curve with the multi-level Breit-

Wigner formula.
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sections by using conventional techniques for dead time cofrection, back-
ground subtraction and sample thickness correction. The transmission data

were analyzed with a multi-level Breit-Wigner code SIOB . An example of

the analysis is shown in Fig. 2. r‘*} T T T ' 7

5.0 -
Result and discussion

5.0 & T

The neutron widths of 63
resonances for 1355 and 24 reso- sk J
nances of 137Ba were obtained _
w2

from +the transmission analyses. 3.0r T
Our values are significantly

2.0 7
smaller than those in BNL-325
below 1 keV both for 135ga and |

. 2,3) 1.0k
137Ba, where the previous data
are available. The s—-wave 0.0 L ‘ . :
135 120. 135. 140. 145. 150, |55. 160. 1B5.
strength functions for Ba and A
4
137Ba were obtained to be 54 = Fig. 3 Sg %10 vs. A for odd nuclei.
-4

{0.96 * 0.30) x 10 and Sg = The curves are frem JENDL-2
(0.16 = 0.07) x 10_4, respective- o even Z odd N, Aodd Z even N

13%, is in good agree-—

ly. Our level spacing Dp = 44 £ 6 eV for
ment with Do = 40 = 7 eV given in BNL-3257). But our value of Dg = 150 + 80
eV for 137Ba corrected for missing resonances is somewhat ambiguous due to
the limited number of resonances in our energy region. The s-wave strength
functions for odd mass nuclei in the region A = 150 are plotted in Fig. 3.
Our experimental valuesl) and the wvalues used for evaluations for
JENDL—28) are shown in the figure. Their values are based on the optical
model calculation taking into account the experimental data such as average
radiation widths.

The average capture cross sections for 135Ba obtained in the neutron

energy region from 4 to 300 keV are shown in Fig. 4. Previous ORELA data4)

and the evaluated data8’9) are alsc shown in the figure. Overall agreement
between the experimental data and the JENDL-2 data is satisfactory, while
the ENDF/B-V data are smaller by about 30 %.

The further works for the data of Barium isotopes are still continuéd
to provide accurate information of the experimental uncertainties. Anal-
yses of capture cross sections for other fission product nuclei which were

measured with our facility are also in progress.
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8.1 Personnel

Department of Physics

Kichincsuke Harada Director
Yoichi Suto Administrative Manager
Accelerators Division
Scientific Staff Michic Maruyama*
Yuuki Kawarasaki ( - September 1984)
Shiro -’ Kikuchi
Suehiro Takeuchi
Eisuke Minehara
Susumu Hanashima
Technical Staff Chiaki Kobayashi*%
{Tandem, V.D.G.) Isao Ohuchi
Yutaka Sato
Tadashi Yoshida
Susumu Kanda
Katsuzo Horie
Satoshi Tajima

Yoshihiro Tsukihashi

Shinichi Abe

Shuhei Kanazawa
Technical Staff Katuo Mashiko**
(Linac) Nobuyvoshi Akiyama
Yukio Nobusaka
Tokic Shoii
Nobuhiro Ishizaki

Nuclear Physics Laboratory

AR
i

Scientific Staff Naomoto Shikazono
Eiko Takekoshi

Mitsuhiko Ishii

% Head, Accelerators Division

%% Leader, Technical Staff

%*%% Deputy Directer, Department of Physics and Head of Nuclear Physics

Laboratory
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Nuclear Physics Laboratery (continued)

L

Scientific Staff

Scholarship Fellow

inac Laboratory

Scientific Staff

Scholarship Fellow

Yoshiaki
Yasuharu
Akira
Kazumi
Hiroshi
Masumi
Takaharu

Toshiki

Shigeya
Yuuki
Yutaka
Makio
Yutaka
Motoharu
Yoshimaro
Masayoshi

Susumu

Splid State Physics Laboratory 1

Scientific Staff

Kazuo
Yukio
Hiroshi

Hiroshi

'Splid State Physics Laboratory II

Scientific Staff

Tadao
Saburo
Hiroshi
Shigemi
Akihire

Terufumi

Head, lLinac Laboratory

Tomita
Sugiyama
Iwamoto
Ideno
Tkezoe
Ohshima
Ohtsuka

Tachikawa (Kyushu University)

w
Tanaka

Kawarasaki (October 1984 - )

Furuta
Ohkubo
Nakajima
Mizumoto
Yamanouchi

Sugimoto

Nishihara (Tohoku University)

oot
W

GCesi
Kazumata
Naramoto

Tomimitsu

Kk
Iwata

Takamura
Maeda
Sasaki
Twase

Yokota

Head, Solid State Physics Laboratory I

Head, Solid State Physics Laboratory I1
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Solid State Physics Laboratory III

Scientific Staff Masanobu Sakamoto

Atomic and Molecular Physics Laboratory

Scientific Staff Kunio Ozawa:!r
Yohta Nakai
Kiyoshi Kawatsura
Masao Sataka

Schelarship Fellow Kuniaki Masai (Nagoya University)

Department of Chemistry
Nuclear Chemistry Laboratory

Scientific Staff Hiroshi Okashita

Toshioc Suzuki

Shigekazu  Usuda
Nobuaki Xone
Shin-ichi Ichikawa
Nobuo Shinohara
Scholarship Fellow Hideki Yoshikawa (Tokyo Metropolitan

University)

Analytical Chemistry Laboratory

Scientific Staff Yuji Baba

Physical Chemistry Laboratory

Scientific Staff Mutsuhide Komaki

Svlid State Chemistry Laboratory

Scientific Staff Razuhiko Izui***
Shin—-ichi Ohno
Teikichi Sasaki
Shigemi Furuno
Hitoshi Ohtsu
Kiichi Hojou

b

Head, Atomic and Molecular Physics Laboratcry
#% YHead, Nuclear Chemistry Laboratory

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

Production Development Division
Scientific Staff Sumiko
Kentaro
Toshiaki

Yuichiro

Baba
Hata
Sekine

Nagame

Department of Fuels and Materials Research

Scientific Staff Kensuke
Physical Matallurgy Laboratory
Scientific Staff Akimichi

Takeo
Shozo
Tomotsugu
Kenji
Yoshic

Katsumaro

Fuel Property Laboratory
Scientific Staff Hiteshi
Kenji

Yoshincbu

Function Materials Laboratory
Scientific Staif Hiroji
Hidec

Takanori

Department of Reactor Engineering
Reactor Instrumentation Laboratory

Scientific Staff Eiji

Shiraishi

r.

Hishinumah
Aruga
Hamada
Sawai
Suzuki
Katano

Fukai

2
=

Watanabe“
Noda

Ishii

el e
R

Katsuta“
Ohno

Nagasaki

Sakai

* Head, physical Matellurgy Laboratory

Head, Fuel Property laboratory

Head, Function materials Laboratory
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Department of Health Physics

a
=

Technical Staff Shoji Izawa
Toshihiro Miyamoto

Takeo Seki

% (Chief of Radiation Control Group, Department of Health Physics

—225—



(Chairman)

{Secretary)

(Secretary)

{Secretary)

JAERI-M 85-104

8.2 Tandem Steering Committee

Manabu

Takumi

Kazumi

¥ichinosuke

Kaoru

Yukio

Toshihiko

Naomoto

Michio

Yoichi

Katsuragi

Asaoka

Twamoto

Harada

Ueno '

Obata

Abe

Shikazono

Maruvama

Suto

—226—

(Deputy Director General,

Tokai Research Establishment)
(Director, Department of Reactor
Engineering)

(Director, Department of Fuels
and Materials Research)
(Director, Department of Physics)
(Director, Department of
Chemistry)

(Director, Department of
Thermonuclear Fusion Research)
(Director, Department of
Radicisotope Production)
(Deputy Director, Department of
Physics)

(Head, Accelerators Division)
(Administrative Manager,

Department of Physics)



{Chairman)

{(Vice Chairman)

(Vice Chairman)

(Secretary)

(Secretary)

(Secretary)
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8.3 Tandem Consultative Committee

Tetsuo

Manabu

Aochi

Katsuragi

Kichinosuke Harada

Hiremichi Kamitsubo

Kozi

Hiroyasu
Shiori

Nobuo

Xohzoh

Shiro

Ichiro

Kenji
Itsuro

Naomoto

Michio

Yoichi

Nakai

Ejiri
Ishine

Qda

Masuda

Iwata

Fujiwara

Sumita
Kimura

Shikazono

Maruyama

Suto
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{Executive Director)

(Deputy Director General, Tokai
Research Establishment)
{Director, Department of Physics)
(Principal Scientist, Institute
of Physical and Chemical
Research)

(Professor, National Laboratory
fer High Energy Physics)
(Professor, Osaka University)
(Professor, University of Tokyo)
(Professor, Tokyo Institute of
Technology)

(Professor, University of
Tsukuba)

{(Professor, Kyoto University)
{Associate Professor, Kyoto
University)

{(Professor, Osaka University)
(Professor, Kyoto University)
(Deputy Director, Department of
Physics)

(Head, Accelerators Division)
(Administrative Manager,

Department of Physics)
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8.4 Tandem Program Adviscry Committee

(Chairman) Kichinosuke Harada (Director, Department of Physics)
Hirokazu Umezawa (Senior Staff, Office of Planning)
Shoji Izawa (Chief, Radiation Control Group,

Department of Health Physics)
Hitoshi Watanabe (Head, Fuel Property Laboratory,
Department of Fuels and
Materials Research)
Hiroshi Qkashita (Head, Nuclear Chemistry
laboratory, Department of
Chemistry)
Kunio Ozawa (Head, Atomic and Molecular
. Physics Laboratery, Department

of Physics)

Naomoto Shikazono (Deputy Director, Department of
Physics)
Yuuki Kawarasaki (Head, Linac Laboratory,

Department of Physics)

Michio Maruvama (Head, Accelerators Divisien,
Department of Physics)

Chiaki Kobayashi {Leader, Tandem Operation Group,

Department of Physics)
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Title

2.1 Beam-Foil Spectra of Chlorine Ions

in High Energy Region (II)

2.2 Ton Beam Analysis on Nb-Mo Alloy

with Energetic Heavy Ions

2.3 Defect Production and Recovery in
Copper Irradiated with Energetic

Ions

2.7 Molecular Effect of 0 and Al Ko
¥-Ray Yields from,A1203 Films for

+ +
E and HZ Jons

2.8 Deuterium Retention in TiC Crystals

Prepared by Zone Melting Methods

2.11 Electron Capture and Loss Cross
Sections for 300 keV to 1.50 MeV
Carbon Atoms in Collision with

Helium

3.1 Trradiation Effects with Heavy Ions
on Alkali Halides (IT)

3.2 Irradiation Damage in Lithium Oxide

3.4 Residual Radioactivities in Silicon
and Germanium Irradiated with

Various High-Energy Heavy-Tons
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Co-Operating Institution

College of General Education,
University of Tokyo*

Department of Engineering Science,
Kyoto University

Faculty of Engineering, Ibaraki
*
University

Department of Nuclear Engineering,

1

=
Tohoku University

Faculty of Engineering, Ibaraki
*
University

College of General Educationm,

£

University of Tokyo“

Department of Nuclear Engineering,

o2
<

Tohcku University’

Faculty of Engineering, Ibaraki

University

Faculty of Engineering, Ibaraki
Universityx

Faculty of Engineering, Nagoya

University’

Faculty of Engineering, Toyama
%
University
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3.6 Radiation Damage of Materials Faculty of Engineering, Ibaraki
Ion-Irradiated at Low Temperature University*

3.8 TEM Observation of Cascade Damage Department of Nuclear Engineering,
Structure in Pure Nickel University of Tokyo*

3.9 TIrradiation Induced Defects of Dual Department of Materials Science,
Phase (Austenite and Ferrite; University of Tokyo*

Duplex) Stainless Steel

3.14 Damage Structure in Ion-Irradiated Faculty of Engineering, Nagoya

. *
813N4 University

4.1 Nuclear Chemistry of Actinoids Department of Physies, Hiroshima

2 2 242

(I1D) 160 + 38U and ! cC + Pu University*

Reactions Institute of Atomic Energy, Kyoto
Universityk

Institute for Nuclear Study,

University of Tokyo

4.2 Decay of the Compound Nuclel Institute of Atomic Energy, Kyoto
197 e
Produced in the Reactions of 9 Au University&
16 12 ;
Induced by ~ 0 and ~ C Faculty of Science, Osaka UniversityN
4.3 Nucleon Transfer Reaction of Gold Institute of Atomic Energy, Kyoto
Tnduced by Heavy Tons University*

L

Faculty cof Science, Osaka University“

121

4.4 A Study of the Decay of Ba Facuity of Science, Osaka University
5.1 Studies of Nuclei with Proton and Department of Applied Physics, Tokyo

Neutron Numbers of 50 to 82 Tnstitute of TechnOlOgyK
5.2 Inclusive and Coincidence Measure- Tandem Accelerator Center, University

. &
ments for Strongly Damped Reactions of Tsukuba
in the System 37Cl + 48Ti
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Magnetic Substate Population in

12C + 120 Inelastic Scattering

A Study of Limiting Angular Momenta

in Fusion Reaction

Scattering of 12.8 MeV Neutrons

28 ..
from Si
Measurements of Fast Neutron

Scattering Cross Sections of

Alumium

Travel expense is supplied by JAERI.

85-104

Institute for Nuclear Study,

%
University of Tokyo

Institute for Nuclear Study

*
University of Tokyo

Faculty of Engineering, Kyushu
*
University

Faculty of Engineering, Kyushu

University
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