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PREFACE

This report covers activities of research and development
carried out during the period from April ! 1988 through March 31
1989, The activities which were performed by using accelerators
of Department of Physics are described in this report.

All the accelerators, i.e. the tandem accelerator, the
electron linear accelerator and the Van de Grazaff accelerator,
have been operated stationarily and satisfactoerily throughout the
period. The tandem accelerator, with which a majority of the re-—
search activities have been done, operated on a regular schedule
in accordance with the cycle of three months operation for the
research activities and one month for the maintenance. A con—
struction c¢f a post accelerator to boost the energy of the heavy
ion beams has begun in the period. The goal of our project is to
obtain a 30 MV of accelerating voltage by using 40 superconduct—
ing quater wave rescnators. The electron linear accelerator was
newly equipped by a positron generator and by a2 small storage
ring J3R. A project of free electron laser has progressed
rematrkably in this period.

Main subjects of our research activities contain; 1) atomic
physics and chemistry, 2) sclid state rhysics and radiation ef-—
fects in materials, 32 nuclear chemistry, 42 nuclear physics, and
5) neutron physics.

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

An international sympoesium, organized and sponsored by
JAERI, on heavy—ion reaction dynamics in tandem energy region was
held at Hitachi, August 1-3, 1888Z. Sixty five participants in-—
cluding 20 guests from countries outside Japan gathered together
and discussed on new and interesting aspects of heavy ion
rhysics. Some of the studies presented in the symposium are in-—
cluded in this annual report.

Naomoto Shikazono
Director
Department of Physics
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1.1 TANDEM ACCELERATOR OPERATION

Tandem Accelerator Group

Department of physics., JAERI

Accelerator operation

During the vear from April 1, 1888 to March 31, 1988, the tandenm
gccelerator has been cperated for many kinds of research programs. As the
accelerator ran without sericus troubles in this period, almost all of the
experimental programs were performed under the arranged scheduie. The
following are summary of the cperation and the maintenance. The running

time was 4857 hours.

1) Time distribution by terminal voltage

>16 MY 3 days 1.5 % ' 1-12 MV 5 davs 2.4 %
15-18 85 41.9 ! 10-11 8 3
14-15 61 30.0 ' g-10 6 3.0
13-14 18 8.9 : 8- @ i 0.5
12-13 6 3.0 g < 8 20 4.9
2) Time distribution by proljectiie
H 14 days 6.9 % ; S 32 davs 15.7 %
D & 3.9 i Cl 5 2.5
Li 6 3.0 ' Csa 1 0.5
8 18 2.9 ' Sc 2 1.0
C 22 10.8 : Ni 38 17.5
0] 17 8.4 : Ge 4 2.0
F 16 7.8 : Br 4 2.0
Si 11 5.4 : I 5 2.5
: Ay Ya 1.0
3) Time distribution by activity
Operation for research 203 days 5.5 %
Atomic and solid state physics { 49 days }
Radiation effects in materials «t 9 )
Nuctear chemistry { 33 )
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Nuclear physics ¢ 75 )

Fast neutron physics { 30 ).

Accelerator development ( 7 )
Voltage conditioning 10 2.7 %
Operation training 0 0.0
Scheduled maintenance 82 22.5
Unexpected repair 28 7.7
Helidays and vacation 4z i1.5

Major troubles

1) January 6 - 9, 1888 (tank open)
The troubie of The hiagh veltage power supply for the ferminal
electrostatic guadrupole lens.

2) May 14 - 17,1988 (tank open?
Damage of the vacuum valve's bellows at the bottom cf the high
energy tube by & failure. Consequently. three ion pumps power
supplles in the major dead sections were damaged.

3) May 23 - June 1.1888 (tank open)
Abcut thirty of the terminal fcil stripper holders with support
clip dropped into the foil changer housing. One of then dropped
further into the low energy tube and intercepted the beam pass.
The cause of troubie, by our guess, was poor welding of the
support clips to the stainless steel belt or over tension of the
stainless belt.

4) August 31 - September 15,7988 (tank open}
One foil strirper holder dropped into the low energy tube again
and same trouble occurred as the item 3).

The movement of the foi! changer was replaced with new ones.

maintenance

1) Two coils of the switching magnet exchanged for new ones on
January 1989 because of the layer insulator deterioration on the upper
coil occurred on end of December 1887. We made a ten ton hoist for this

work. We presumed that the cause of the trouble was bad fabrication of the

coils in the factory.
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improvement and development

1) In order to observe the aspect of the terminal stripper foil under
irradiating by ion beams. a black and white TV monitor system has been
developed. Fig.] shows the schematic diagram of the system. Some
modifications were needed for the video camera to protect it against the
gas pressures in the tank. A plastics optical fiber{Tmm dia.) which

communicates light signals from the terminal to outside of the tank is

laid along the insulation columns with self supporting. The monitor system
gives us many information net only the states of the stripper foiis but

the beam spot size or position by luminescence on the foil. Fig.2 is an

example of monitoring picture.

//xideo camera

sight windows—
(sapphire glass)

monitor TV

optical fiber
(~25n long)

converter

Fig. 1 schematic diagram of the foil monitor

Fig. 2 An example of monitoring picture

L
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1.2 ELECTRON LINAC QPERATION AND IMPROVEMENTS
Electron Linac Group
Departments of Physies

1. Operation
The JAERI 120 MeV electron linear accelerator {linac) have been

smoothly operated with a repetition rate of less than 150 pps during the
1988 figcal year. The total beam time was summed up to 278 hours for

various experimental researches.
A summary of the linac operating conditions between April, 1988 and

March, 1989 is shown in Table 1 for each experimental progran. The linac
machine times were used as follows; (1)the neutron cross section measure-
ments, (2)the neutron radiography, (3)the moncenergetic positron emission
and its appiications to material researches, {(4)the radio-isotope pro-
ductions, and (5)the experiments for the free electron laser (FEL).

Table 1 Machine Time and OQutput Beam for Research Programe in 1988

Research Program Time Ratio Energy Rate Length Current

(h} (%) (MeV) (pps) (nsec) Ave{uA)
Neutron Cross Section 72.3 26.0 120 150 23 12
(Time of Flight Method)
Neutron Radiography 108.6 39.1 120 150 1600 12
Radioisotope Production 48,4 17.4 60 150 1000 9
Positron Experiment 20,3 7.3 100 25~50 1000 12
(Emissian of monoenergetic Positron
Free Electron Laser 15.4 0.5 100 o0 1000 ~2
Tuning and Test Operation 13.0 4.7 100~180 58~140 1000 ~30

Totai 278.0 _190.0

The several construction and repairing works have been carried out
during this fiscal year, |
(1) roof of the linac building (2 weeks),
(2) radiation monitoring system (2 weeks),
(3) ceiling of the linac building (5 weeks),
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2.M¥ain narameters

To realize the infrared(10.6xm) operation, the system 1Is designed

consisting of an electron gun with a grid-pulsed thermoionic cathoad, a
sub-harmonic buncher, a buncher, a pre-accelerator, an « -magnet and a main
accelerator.l) The peak current is guessed to be more than 100mA at the
exit of the gun, and 9.144 after the bunching process using the sub-
harmonic buncher, the buncher and the pre-accelerator. At the exit of the
gun, the emittance of the beam is estimated less than 10z mm-or by using
the SLAC electron trajectory progran, E—gunz). At the final stage, the
emittance is guessed 15%

Table 2 Main parameters am-nr.  The beam energy

Beam energy 2oMeV amounts to 25MeV at the
Normalized emittance 107 mm-mr .
Energy spread 80keV end of the main ac-
Micropulse (at Gund 4ns (10. 6MHzD celerator. Main  para-
Macropulse lms (10Hz> meters of our system are
Peak current S. 14A . .

Bunch length 1, 31lcm listed in tadle 2.

3. The rcalculation of the gain

The oscillation wave-length{A) can he expressedS} as,
A
A=—L-(1+K? 1
27;( ) (1)
where A.q is the undulateor period, 7 is the beam energy and X Is the un-
dulator parameter. When a planar undulator Is used,
eBA
i (2)
2'\/’2_1rmcz.
The gain(g) depends strongly on K value and can be written as,
2
K K? K3
g x A3 JU 2 '—Jl —_2_ (3)
(14+K3)7 2(1+K%) 2(1+K7)
where Jj and J; are the Bessel functicon of order n. Eq. (3) leads to the
maximum value of g at K=1.1. The value of ¥ can then fix the updulator
period and the magnetic field strength (B) under the condition of 7 =49.9
(E=25MeV), A =10.6um through eq. (1) and (2). The system is now assumed to

work under the homogeneous broadening regime. The constraints between the

parameters can be expressed as,

Aq 1
Ng_ 1 4
TE<YL AN ()
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1 1K A
S Jam 2K L (5)
where gy is the energy spread given by SE/E, L is the undulator length, N

is the number of the unduiator periods, 7 &, 1s the normalized emittance
and h is a constant. At the end of the main a;celerator the energy spread
was estimated to be +80kV. Ea. (4) requires that N must be less than 78. In
our case we chose N as 60. From eq.(5) 7 ¢ y aust be less than 637 mm-nr.
The small signal gain4) is given by,

31 3 I a3
9o=32v 20N 202 K z
(1+KH*F7 I, T

Hz)}F(K) (6)

where Ip is the peak current and is estimated to be 9. l4A, Ia is the Alfven
current (170454), 3 is the mean transverse area of the optical mode, f{x)

and F(K) are given by next equations, respectively,

F{=) =%{cosz—1+izsinz) (7)
z 2
K2

i :
FU{J:{J” [ 2(14-K7) } 7 21+K%) } (8)

The optimum value of X is provided as LA /4 3. Taking account of the

fact that the maximum value of f(x) is 0.0675 for x=2.61 and F(K) is 0.715
for K=1.1, we obtain the gaia as 55.9% from eq. (6).

Real beam has many factors to decrease the gainm, that is, the energy
spread(LtE), the emittance(LLy), the siippage(;zz), etc. Taking these fac-

tors into account, we define the real gain that can roughly be expressed,

1
g=gq (9)

Be
(l+'3—)(1+,u§) (1—6—1.7,{;%) .
Here st Moy Mo oare given by next equations.

pg=4opl (10)
P i u
¥ 1+K2 ’\q ( )
AN
He= {12}
JZ
where o, {s the bunch length and estimated as I.31cm{(8" at S08MHz). Sud-

stituting each vatue into the eg. (10), (11) and (12),

mg = 0,768, my = 0.229, w, = 0.0485
The gain was calculated as 26% from eq. {9). Furthermore, assuming that the
optical cavity output coupling{e ) is 5% and the mirror loss (&) is 2%, we

ohtained the firal gain as 19%.
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{5) Operation of Repetition Rate lpps

The 1 pps operation is required for the injecticn to the JSR. The
pulse repetition rate of the JAERI linac modulator was designed to be from
50 to 600 pps. The line-type pulse circuits are used to charge PFY (pulse
forming network) with the 40 kV choke-transformer. The decay constant (~
0.8 sec) from PFN is determined by a product between the resistance {5 MQ)
of breeder resistors of reverse circuits and the capacitance (0.16 gF) of
DN condensers. Therefore, the 1 pps operation {1 sec) of the linac can
not be made. The grid pulser of the electron gun was modified to cope with
the problem with the 50 pps operation of the main pulse medulator. The
trigger pulse is also send to the JSR.

o |

@l S

Hi g
Sl =7
PR

v \/ X:1lp s/éiv Y:0.1V/div
£ Fig.3 RF Drive Amplifer

Output Wavelorm

Fig.l New Structure Wave Guide

: 1BOW
idovw | i [
25H i ‘
; ! |
[ !
~SoWpeak /—\ LEOY l S500%peax
> q q
2896MHz >ﬂ"“ :l:
3
> i
25w
100H ™
///180H
% 5
+40Y S #agyVv

Fig,2 § Band RF Driver Circuit
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and to prepare the JSR operation, the 300 kVA motor generator was installed
{this is the same system as the linac in the Electrotechnical Laboratory).
The test result shews that the input AC line is stabilized within 1 % and

the beam quality has been remarkably improved.

(3) Design of a new traveling wave type accelerator structure

The field characteristics for the new accelerator structure has been
calculated with the computer code SUPERFISH. The new structure is shown
in Fig. 1. The target specification of the accelerator structure is as
follows; energy gain (no load) is 22.5 MV/m, shunt impedances 70 MQ/m,
g value 1s more than i4,500. The new structure will be fablicated and
installed as the alternate of the #1 accelerator structure (2 m long) of
the JAERI linac. The actual beam test is planned to carry out before the
end of this fiscal year. The test data of the new accelerator structure
will be useful for the STA SR Project (Science Technology Agency Synchro-

tron Radiation Project).

(4)Replacement of the RF driver amplifier by the solid state amplifier for

the main klystrons.
Ke have been replacing all the hard tube circuits with the solid state

components for the ”"maintenance free” stable operations. The remaining
parts are the main klystrons, the main thyratrons and the RF driver
klystron. The R¥ driver klystron has been used to drive the six sets of
main klystrons with 10 kW pulse operation. The replacement of this

component with solid state circuit had been planned because the C¥ transis-
tor with an output power of 125 W had been developed for the S-band (2856
MHz) . It is found that the kW power amplifiers can be technically avail-
able with multi-staged and phase-synthesized circuit.

In October, 1988, the circuit with the output power of 500 kW was
ordered as shown in Fig. 2 and has been built in February, 1989. This
circuit was installed and tested as the RF driver amplifier for the #1
klystron (20 MW). The actual 50 pps beam cperation gave the satisfactory
result with the almost same property as the kiystron amplifier, although
the beam energy spread of 2 ~ 3 % cccurred at the initial part of the
pulse due to the phase modulation. The output RF pulse shape is shown in
Fig. 3. This new JAERI's development is the first time application of the

200 W class S-band pulse amplifier in Japan.
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(4) boring of the 4 m shielding wall (I week},
(5) installation of JSR (JAERI Storage Ring) (about 4.5 months),
{6) shielding for JSR in the north target room (5 weeks),
(7) installation of the 300 kVA Motor Generator (5 weeks),
{8) maintenances of the vacuum system and the IVR power supply (2 ~ 3
weeks) .
For these construction and repairing works, the total machine time for

the experiments was reduced compared to the previous years.

2. Maintenance
The unscheduled shut-down was only due to the replacement work of the

heat exchanger assembly for the klystron cooling system, which is caused by
the trouhle of pinhole.
Several parts of the linac components were replaced as the scheduled
maintenance. Those replaced parts were as follows;
(1) all the beam transport tubes of stainless steel were replaced with
those of aluminum.
(2) the beam mcmitor was installed in the beam line TL,
(3) the driving motor in the IVR was replaced and its interlock circuit
was newly prepared,
(4) the linac puise trigger system was installed, by which the 1 pps
operation becomes available,
(5) the TL beam line was realigned.

J.Improvements
(1) The installation of JSR

The JSR was installed in the north target room in the linac building
during the period from October 25, 1988 to March 10,1889. The manufactur-
ing companies responsible for the installation were Mitsubishi Electric
Co., Hitachi Ltd., Toshiba Co. and Sumitomo Heavy Industry, Lid. The ac-

ceptance test for the whole systems including electromagnet, radiofrequency
{RF) cavity, beam duct and computer have been satisfactorily performed.The

heam injec—-tion test has started in April, 1989.
(2} The installation of the 300 kVA Motor Generator (MG)

The input AC linme to the RF modulatoer power supplies for the JAERI
linac has not been stabilized so far. In order to improve this situation
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1.3 PRESENT CONDITION OF [ON SOURCE AND ION INJECTION SYSTEM

Tadashi YOSHIDA, Eisuke MINEHARA, Shinichi ABE

Departmen: of Physics, JAERI

1. QOperation of the ion source system

The ion source and ion injection system for the JAERI tandem accelerator
has been operated since the installation to generate new ion beam species and
larger output current. Middle of 1987, we introduced a new type ion source
so-called inverted sputter ion source that could produced large current than
before.

This ion source is the inverted type sputter icn source ( SNICS- I as an
abbreviation ) manufactured by NEC (National Electrostatic Corporaticn,
Middleton., U.S.A).

In June 1987, the SNICS-1I ion source was installed te an ion source test
apparatus and the test operation was carried out for about 6 months.
After the test operation, the ion source was installed to the ion injection
system and the routine cperation started for various experiments.

Since 1988, the SNICS-1I ion source has been operated for most of the
operation of the ion injection system.

The 2nd ion injection system is scheduled to be completed within
several months., The vacuum system is in operation already. A part cf the
control system was completed for their checking.

After the 2nd ion injection system is completed. two ion iniection systems

wiil be operated alternately for the service of delivering a variety of ion

heams more efficiently.

2 Status of each ion scurce system

2.1 Sputter ion source ( HICONEX 834 }

The HICONEX 834 type ion source was manufactured by GIC (General
lonex Corporation, Massachusetts, U.S.A.), and used for the generation
of the various ion beams for the JAER| tandem accelerator.

In 1088, this ion source was removed from the ion injection system to
investigate the serious degradation of the output current.

At present, the ion source was moved to the ion source test apparatus
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and now under investigation,

This tvpe of ion source had been used in many tandem laboratories.
However., many of these ion sources had bean shut down due to the similar
problems. Apart from the degradaticn problem, this ion source can bs
cperated stably for a very long time without maintenance.

If the problem can be removed through the investigation, we will install

it to the injection system again for the actual operation.

292 Duoplasmatron ion source { DEDP tvpe manufactured by NEC )

{on beams of proton and deuteron are often demanded for large
current operation and the DEDP ion source is the most suitable ion
source for them.
It is the inevitable ion source to pulsed beam vperation for the tandem
accelerator.
At the beginning., bare tungsten filament is used fer this icn source.
but the lifetime of the filament is short for the stable puised beam
operation. Therefore, the filament material was exchanged to a nickel
mesh coated by oxide compounds from bare tungsten wire several vears ago.

As for the present, long time operation of the DECP ion source is also

possible very stably.

2.3 Heinicke Penning iorn source ( HPIG tvpe manufactured by NEC )

The HPIG icn source is used fer the production of halogen
family ions, This tvpe of the ion socurce consumes a large amount of
gases to maintain stable discharge. As the result of the discharge, it
produces a much amount of fluorine, chiorine and other active gases which
give sericus damages to the mechanical parts of the vacuum system.

We had tc save the operation for these ion species as few as possible.

3, Operation of each ion_source

The operation of each ion source in every machine time period, from
October 1987 up to now, is summarized in figure 1.

The SNICS-II ion source has become the major or main ion source for the

JAER! tandem accelerator from 1888. [t is currently used for the producticn
of
all ion species except proton and deuteron.



JAERI-M 88-119

4. Performance of SNICS-II ion source

The test cperation of the SNICS-1II ion scurce started at June 1987 and
continued for 6 months, producing about 110 kinds of ions.
The test results are shown in figure 2. '
Poisonous samples were excluded in the test operation of the ion source.
The summary of the test results shows that half of the samples are usabie

and have sufficient current intensity for various experiments.

5. Present condition of the Z2nd ion injection systam

Construction of the Znd icn injection svstem is near to the end.
The vacuum svstem is now under operation.
As scon as the extension of the control system to the 2nd injection system
is commissioned, the first ion beam frem the system will be scheduled
to test the whole acceleration system,
Also, the expansion and other works of centrol svstem, a minor adjustment
of the injection beam line that requires beam optical alignment are stiil
remained. The construction work is mainly performed during an interval
between machine time periods.
It is scheduled to carry out a minor adjustment of the injection beam line

in amachine time period of June.

References
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1.4 SUPERCONDUCTING BOOSTER

Booster Precject Group

Department of Physics

l. Accelerating structure

The superconducting booster will be composed of a double~drift
buncher, ten linac units and a de-~buncher.

The buncher will consist of a 260 MHz unit and a 130 MEz unit. The
130 MHz wunit has been made already. And 1its superconducting QWR
resonators have shown a high performance of 5 — 6 MV/m at an rf loss of
4 watts. The resonator performance was confirmed with a beam test using
164 MeV{v/c=0.1) CllO+ beams; the resonator field levels obtained in the
previcus off-line tests were only 0 - 2 % less than those measured in
the beam test. The buncher was sent to a manufacturer at the beginning
of 1989 to modify the tubing for resonators pre-cooling and radiation
shield cooiing in order to make use of cold helium gas instead of
liquid nitrogen as a coolant. The modification continues to the next
fiscal year.

Each lirac unit comprises four 130 MHz QWRs in a cryostat. Four of
the ten linac units were funded and the design and fabrication works
began at an industry(Mitsubishi Electric Corp. in Kobe). The design of
the QWRs is entirely the same as that of the 130 MHz buncher resonators.
With respect to the cryostats, we have been giving re-considerations to
the design of a liquid helium dewar for four resconators, connection to a
liguid helium transfer line and magnetic shields. The <fabricatilon
proceeds in meeting requirements of the safety regulaticns for
refrigerators and will be completed by March of 1991. Two sets of rf
control stations were ordered for the four units(lé resonators) freom
Applied Superconductivity Inc. in U.S.A. The rest six units are going
to be funded in the fiscal years of 1989 to 1991.

The de-buncher which is officially called as the prototype
acceleration unit was completed and its two 130 MHz QWRs were tested in
off line. Their performances were as good as those obtained with the

buncher resonators. The maximum accelerating field levels were about 7
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MV/m and the levels at an rf loss of 4 watts were about 5.5 MV/m.

results are shown in

fig., 1

resonators.

examined it with a de-buncher resonator cooled at 4.2XK.

wanted with the control station.

have a perfect match with our resonators.

together with

those

for

It worked well

but it was a little bit difficult to set the resonator field level as we

These
buncher

A set of rf control station was delivered from A.S.T.

A few modifications are necessary to
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Fig. 1 Resonator performances at 4.2 K. The resonators No.l and 2

belong to the buncher and the No.3 and 4 the de-buncher,

2. Cryogenic system

We have decided to operate the resonators and the refrigeration

system under the safety regulations for refrigerators. In  the

regulations, refrigerators are classified by their refrigeration power

or by the power of compressors as of the first, the second and the third
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group. A liguid helium refrigerator which can provide refrigeration
power of more than 350 watts at 4.5K belongs to the first group. To
cperate such a refrigerator, at least two of us need to have licences of
the highest grade and three years operating experience with a big
refrigerator. There is unfortunately no refrigerator which is big enough
for the three years experience in JAERI. As a result of considerations
on such restriction and operational advantages and disadvantages, we
decided to have two identical refrigerators which belong to the secend
group.

The specifications of the liquid helium and cold helium gas
transfer lines and the dual refrigeratcer system are being studied by our
cryogenic group with cooperation from several mwmanufacturers, The

fabricaticn of the cryogenic system is planoed in 19%0 and 1991.

3. Booster layout

The layecut plan of the booster components, the target room and the
utility rooms is, at present, essentially not different from that of the
previous annual report. Its refinement and the design work cf the

building will be made in 1989. The building construction is scheduled

in 1990 and 1991,
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1.5 PRODUCTION OF INTENSE MONOCHROMATIC POSITRON BEAM
AND ITS APPLICATION TO MATERIALS SCIENCE

Yasuo ITO*, Saburo TAKAMURA, Osamu SUEOKA*Z
and Sohei 0KADA*3

Department of Physics, JAERI, *RCNST, Univ. of Tokyo,
*200llege of Arts and Sciences, Univ. of Tokyo,
*3Takasaki Radiation Chemistry Establishment, JAERI

Extraction of Iintense monochromatic positron beam (or slow positrons)
has been carried out using the electron Linac of Tokai Establishment,
JAERT. The intensity of the slow pesitron beam was 3x108 sec™l, which is
one of the most intense of the world. Since the slow positrons are ob-
tained as a pulsed beam, it Is stretched in time into a quasi-DC beam
using a linear storage tube. Further improvements of the positron bean,
which are necessary before it is used for the study of materials, are un-

der way.

1. Introduction

Production of intense slow positron beam is a matter of recent great
concern, since it has potential usefulness for a variety of new studies of
materlals science. The principle of producing the slow positron beam is
to moderate fast positrons at the surface ¢f suitable moderator materials
and then, by virtue of the negative positron work function, to expel them
to vacuum. Since the efficiency of conversion from fast to slow positrons
is of the order of 10‘4, positron intensity larger than about 106 sec!
cannot be reached when A& *-decay radloisotopes are used as the positron
source. In order to get an even more intense beam, the use of an electron
Linac is promising: by irradiating high-energy electron beam on a high-Z
target (Ta in the present case), intense fast positrons are produced by
the cascade of Bremsstrahlung and pair-production. The fast positrons are
then converted to slow positrons by thin W moderator. This method was
proven successful in a previous work using the 30 MeV electron Linac of
University of Tokyol), and the present work follows it with the aim of ob-
taining a positron beam for practical use.

When an electron Linac is used, the slow positrons are obtained as a

pulsed beam. The positron density in a pulse is too large and causes pulse
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pile-up problems in many measurements such as lifetime, energy or angular
correlation. We have tried to produce intense positron beams and to shape
them into a quasi-DC beam by using a pulse stretching technique. ' This
beam will further be collimated by using the brightness enhancement
techniquez) and will be used for RHEPD (Reflecting High Energy Positron
Diffraction) and PAD (Positron Annihilation induced Desorption).

2.Production of slow Positrons
The beam characteristics of the electron Linac are typically 120 MeV,

1 s width, 600 pps, and 150 g A average current. The expected slow
positron yield is c.a. 10° sec“l, but for the preliminary runs the bean
was reduced to 1/10 of the full power in order to compromise with the
health physics problem caused by the activation at the target. Fig.1

shows the horizontal view of the

et counting room slow positron beam line. The

linear storage
“ & electron beam comes from the

and

Y72/ 7 7 right side of the figure

é érete,wé%}//// %522%;’/////52522222 hits the water-cooled Ta target.
éal £ “I Z/Z The fast positrons produced en-
Solencid coil Vzzzzzzy R p p

Target ter the vacuum chamber and get

—— S into the W moderator (25 um

—J

Fig.1 Eorizontal View of the thick x 2 mm width W ribbons

Slow Positron Beam Line stacked in the shape of a vane).

The slow positrons are extracted

and transported through a leng solenoid tube (90° bent twice) to the

positron counting rocm which Is shielded by a concrete wall (2 m thick).

At the end of the solenoid tube are a linear storage tube and a positron
counting chamber.

The slow positrons were first measured using a Ceratron, a kind of
channel electron multiplier. Since this detector becomes easily saturated
at high counting rates we are mostly observing a deformed pulse shape, but
it is still the best way to get rough view of the pulse shape. Fig.2 is
the oscillogram of the output of the detector. It consists of two
components: the burst and the slow positrons. Since a retarding potential
against electron (-500 V) is appiied at the head of the detector, the
burst is due to secondary electrons with energies larger than 500 eV and
fast positrons. The burst can apparently be avoided by applying a high-
voltage pulse to the deflector plate synchronous to the passage of the
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burst compegnent (Fig.2B), or by adjusting
the magnetic fields. But this does not mean
that the burst Is eliminated. For the com-
plete elimination it 1is necessary to resort
to a more Sophisticated way. One possible
way 1s to use the energy analyzing charac-
teristics of a ExB drift field at the head
of the slow electron extraction, and this is
being prepared at the time of writing of
this report.

The slow positron intensity was measured
using a Faraday cup after properly adjusting
the beam line and preventing the electrons
from entering the Faraday cup. The measured
positron current was 5 pA (3x107 et/sec).
This Is the intensity obtained at 10% full
Fig.2 Oscillogram of the  power operation and is close to the expected

Ceratron output signal . .
(upper & ). The double level. Since there is encugh room for op-

trace
peaks in (&) correspond timizing various parameters (focusing of the
to burst and slow e

By properly adjusting the
beamline, it is possible conditions of the W moderator, etc.), ex-
to direct only the slow
e* to Ceratron (B).

electron beam, thickness of the Ta target,

traction of even more intense positron bean

is quite probable.

3. Storage and Stretching

The principie of storage and stretching of the positron pulses Js 11-
lustrated in Fig.3: prior to the arrival of the slow positron pulse, the
electrode G, 1s biased positive while G; Is grounded. The positrons en-
tering this tube is reflected back at Go, and just before the front of the
positron pulse come back fo Gy, 1t is switched to positive, too. The
length of the linear storage tube (1.2 m} is approximately equal to half
the length of the 1 xs positron pulse and thus the whole positrons are
confined in the tube. This Is the principle of the linear storage. A
quasi-DC beam is obtained when the stored positrons are released by lower-
ing the potential of G5 gradually.

The operation of the steorage and the stretching is demonstrated in
Fig.4. 1In each oscillogram the upper trace is the Ceratron output and the

lower one Is the potential G,. It is seen that the bunch of slow
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+—ﬁ } Py positrons is stored and, when the pectential

é, éz Go is switched to ground, is released spon-

taneously. When Gy is lowered gradually as

G _ﬂm_Ji L“____ in Fig.4B, the positrons come out stretched

in time. The feasibility of the linear
G2 : : e e lease storage and the stretching has thus been

demonstrated, but 1t is necesgssary to
Time

Wotu lengthen the storage time from the pre-

viously achieved level (c.a. 300 wus) to

Fig.3 Principle of the
linear storage and about 1 ms.
pulse stretching

(B}

Fig.4 Example of pulse stretching coperation
The upper trace in each oscillogram is the Ceratron output
signal of e¥ released when the potentlal G2 {tower trace)
is T%heing lowered.

4.Radiation Damage of the W Moderator

We could observe a gradual decrease of the slow positron yield. Fig.d
shows how the output signal intensity of Ceratren is decreased affer 5
hours continuous irradiation. Since the Ta target and the W moderator were
situated along the electron beam directions, some fraction of the high
energy electrons can hit W moderator to induce radiation damage. The Linac
was operated at 1/10 full power at this occasion, and the decrease of the
vield due to the damage would be more significant when operated at the
full power. It may be possible to minimize the damage by making a
suitable choice of the geometry. An alternative cholice may be to anneal
the moderator from time to time. In order to test at what temperature the
damage of the W moderator is recovered, positron lifetimes were measured
for the damaged moderator material. & long lifetime component which can
be ascribed to micro-void formation was apparently observed, which, by
isochronal annealing experiments, was found to start to move at about 600

*C and be annealed completely above 900°C (Fig.6).
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1 ' L ) ! 1
400 BOO

annealing temperalure ("C)

Fig.6 Effect of Annealing of radiation-
damaged W moderator

Fig.5 Ceratron output at the beginning (A) and after
5 hours irradiation {B)

Although the pictures are net clear, it is seen that the
peak height is smaller for B compared to A.

Conclusion

There has been a substantial progress in the production of intense slow

positron beam, and the results have been reported at ICPA-8. Further im-

provements are under way in which are included:

1) Elimination of the burst component by using ExB separation technigue.
2) Transfer of the positron beam from the magnetic field to non-magnetic
field. This is necessary for the positron scattering experiments.

3) To lengthen the storage and stretching time of positrons.

4) Brightness enhancement and formation of positron micro-beam.

5) To float the whole beamline to a high potential (10-20 kV}. This is
a fundamental necessity for most of the positron beam applications:
the brightness enhancement, micro-beam, positron microscopes, etc..
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1.6 STATUS OF THE JAERI FREE ELECTRON LASER SYSTEM

Makio OHKURO, Masayoshi SUGIMOTO, Masaru SAWAMURA,
Katsuo MASHIKO, Masayuki TAKABE, Jyun SASABE
and Yuuki KAWARASAKI

Department of FPhysics, JAERI

Design and construction of JAERI FEL system based on a super-
conducting linac are continued aiming at the FEL oscillation in 10 -
20 sam infrared wave Jlength. A subharmonic buncher, a buncher, a
part of beam transport vacuum system, and focusing coils have been

fabricated.

The purpose of the JAERI FEL program is to provelthe feasibility
of FEL as a strong and tunable light source in an infrared region at
the first stage(Phase I) . In the succeeding stages, the shortening
the wave length to visible light and wupgrading the output light will
be made. Overview of the system in Phase I is in the following.

In order to oscillate 1O‘§ﬁ1m infrared wave length, an electron beam
of above 20 MeV is produced by a superconducting linac{508 MHz). The
time structure of the beam is designed to be 4ns width and 10.6 MHz
micropulse with an envelope 1 ms width and 10 pps macropuise, The
electron gun is a thermionic cathode with a grid structure (Eimac
Y646B), and an accelerating voltage 250 kV . The cathode anode
structures are so designed that the beam emittance is  about 10 7t mm
mrad . The beam is bunched by a sub-harmonic buncher { 84.7 ME?’
1/6 of 508 MHz) and a buncher(508 MHz) in a rather long drift space ,
where a beam focusing is made by a series of focusing coils, The beam
is accelerated by a superconducting pre-accelerator (508 MHz) to about
2 Mev, The superconducting main accelerator consists of 2 sets of
structures where five 508 MHz cavities are united, and are contained
in a 4.4 m long cryostat. By the 10 cavities acceleration of above 20
MeV will be expected in favorable cases. An RF power of 80 KW will be

fed from two CW klystrons to accelerate the beam during the macropulse.
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In this fiscal vear, parts of injection system, the sub-~harmonic
buncher and the buncher have been fabricated by the Nihon Kousyuha
Co., and the wvacuum system for drift space, and the series of
focusing coils have been fabricated by the Tokin Co. The above KF
and vacuum components already fabricated are shewn in Fig.l.

In the next fiscal year, parts of the accelerator system in the
following items will be constructed and assembled.
1) A short pulsed(4ns) electron gun with 250 KV accelerating voltage.
The timing control is made by a grid pulser triggered by a light
pulses through an optical fiber.
2) A part of the beam transport system. The  vacuum system,
focusing coils, and a deflection magnet system are included.
3) An RF system. A standard source, frequency multipliers, phase and
amplitude contrel systems for the RF cavities, and solid state high

power RF amplifiers are included.

References
1) Chkubo,M., Kawarasaki,Y., Shikazono,N.,Mashiko,K., Sugimoto,M.,
Sawamura,M., Yoshikawa,H. and Takabe,M.
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An Electron Gun for JAERI-FEL
Proceedings of the 13th linear Accelerator Meeting in Japan,
Electrotechnical Laboratory, Sept 7-9,1988, pll>5
3) Sugimoto,M,
Design of the electrode shape of the injecticn gun for the JAERI
Free Electron Laser, Ibid. pll8
4) Sawamura,M,
Design of the Injection System for JAERI FEL Linac, ibid plél
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Fig.1l Injector of the JAERI FEL system. The electron gum, the
subharmonic buncher, beam transport system with focus coils, and the

buncher.
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1.7 TSTIMATION OK FEL'S GAIN:Desizn Studies for the Total System

in Phase-1

Masayuki TAKARE

Department of Physics, JAERI

The free-electron—laser (FEL) gains have heen preliminarily estimated
as one of the design studies for the superconducting RF-linac based FEL
system in the phase-I. Typical gains calculated in small sigral gain and
homogeneous broadening regime are:

Energy Wavelength Gain Undulator Momentum Filter ~Rise Tine

25MeV 10. 6um 19% new not 10,48
IMe¥ UL ITN no old not no
2IMe ¥V 050w m 0. 8% old use 00us

1. Introduction
The final aim of the FEL’s R&D here at JAERI lies in the application

of isotopeseparation for fuel-element production and group partitioning of

waste-materials.

During the course of the FEL's R&D, however, novel tunable laser
scurces can be widely applied %o the wvarious basic research flelds,
together with the achievement of high quality electron beam being
definitely required for the FEL oscillations.

This challenginz FEL's R&D is scheduled in three stages:

Phase—1 Infrared(10.6um) wavelength operation
Phase- @I Beam recirculation and visible wavelength operation
Phase-II Energy recovery

The superconducting RF-linac for the FEL's beam source is considered
as one of the superior choice, because RF power loss is very small and high
quality beam is easily attainable. The discussion on the problem above
described led to the design of the RF-linac based FEL system. For the
design of the FEL system, each parameter of the accelerator should be
determined as having a high gain value. The gain is estimated, at the
present time, wusing the latest data. For the calculaticn of the gain, we
assumed that the system is under the small signal gain and the homogeneous

broadening regime.
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Z.Main parameters

To realize the infrared{10.6un) operation, the system 1s designed

consisting of an electron gun with & grid-pulsed thermoionic cathoad, a
sub-harmonic buancher, a Buncher, a pre-accelerator, an « -magnet and a main
acce]erator.l) The peak current iIs guessed to be more than 100mA at the
exit of the gun, and 9.14A4 after the bunching process using the sub-
harmonic Luncher, the huncher and the pre-accelerator. At the exit of the
gun, the emittance of the beam is estimated less than 10z mm-mr by using
the SLAC electron trajectory pregranm, E-gunZ). At the final stage, the
emittance is guessed 15%

Table 1 Main parameters
nm-mr. The beam =nergy

Beam energy 25MeV j amounts to 25MeV  at the
Normalized emittance 107 mm-mr ! end of the main  ac-
Knergy spread 80keV i

Micropulse{at Gun) 4ns (10. BMEz) l celerator. Main  para-
Macropulse Ims (10Hz2 ' meters of our system are
Peak current 3. 14A |

Bunch length 1.31cm : listed in table 1.

3. The catculation of the zaigp

The oscillation wave-length (A ) can be expressedB) as

A=~255<1+K2} ®
where )\q is the undulator period, ¢ 1is the beam energy and K is the un-
dulator parameter. When a planar undulater is used,

eBA,
K= Zﬁwmcz_ @
The gain(g) depends strongly on K value and can be written as,
K K? K ’ |

I Lk {J" 2(1+K7%) 2(1+K%) } )
where JD and Jl are the Bessel function of order n. Eq. (3) leads to the
maximum value of g at K=1.1. The value of X can then fix the wundulater
period and the magnetic field strength(B) under the condition of 7 =49.9
(E=25MeV), A =10.64m through eq. (1} and (2). The system is now assumed %o¢

work under the homogeneous broadening regime. The constraints between the

—J;

parameters can be expressed as,

A 1
21 4
TE<YL T aN ()
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o1 14K2 A (5)

o e e

TS em 2K L

where Oy is the energy spread given by SE/E, L iIs the undulator fength, N

tg  the number of the undulator pericds, TEy is the normalized emittance
and h is a constant. At the end of the main accelerator the energy spread
was estimaled to be +80kV. Fq.{(4) requires that N must be less thar 73. In

our case we chose N as 60. From eq. (5) 7 &, must be less than 437 amn-pr.

Y
The snall signal gain4> is given by

3

2 2 3
K I, ¥
go=32*\/57r2,\2)\q2 L

(1+K%/2 I, © [z FE) ©)

where Ip is the peak current and is estimated to be 9.14A, la is the Alfven
current (1704%5A), = is the mean transverse area of the optical mede, f{x)

and F{K) are given Ly next equations. respectively,

f(z)=§(cosz—1+%zsinz) (1)
F(ff)={fo S Y ] (®
2(1+K%) 2(1+K%) 1),

The optimum value of T is provided as LA /v 3. Taking account of the
fact that the maximum value of f{x) is 0.0675 for x=2.61 and F{(K) is 0.715
for ¥=1.1, we obtain the gain as 55 2% from eq. {(6).

Real beam has many factors to decrease the gain, that is, the energy
spread(LLE). the emittance(ﬁzy}, the slippage{u ), etc. Taking those fac-

tors into account, we define the real gain that can roughly be expressed,

9=89 ! {9)

{1+%)(1+u§)(1+1.7,u,25;) .

Here Mg, My Moare given by next egquations.

;J.E=4!‘IEN (10)
4K Ty
= —N 11
Hy 1+K% A, (11)
AN
A (12)
0-1
where o, is the bunch length and estimated as 1.31cm(8° at 508MHz).  Sub-

stituting each value into the eq. (10), {11) and (12,

sy = 0768, wy = 0.229, u, = 0.0485
The gain was calculated as 26% from eq. (9). Furthermore, assuming that the
optical cavity output coupling(e} is 5% and the mirror loss (&) is 2%, we

obtained the final gain as 19%.
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The laser pulse rise time is given by,

L
—0.14————
g—(e+6) 13

In cur case ¢ 15 calculated to be 10.4us.
The estimation of the gain has been tried by using old undulator whose
specification is listed in
Table 2 0ld undulator parameter table 2 under the condition in
which the beam has 2.00£0. 38MeV.

Period length 3.0cm
Field strength 3670Gauss | Through the same way and with the
K parameter C. 727 | same parameters as described
Number of period 15 . .
above, 00 gain can be estimated.
However, if the beam that
Table. 3 Ream condition satisfles the conditions listed
E in table 3 is selected, the gain
Beam energy 2MeV | 4 . . i
Energy spread 35keV { and the laser pulse rise time can
Peak current 8A be obtained to be +1.8% and 2364
Emittance 157 mm-mf s, respectively. The operation of

FEL in 9504 m is possible.

4. Conclusion

We ohtained the gain to be expected at the FEL operation at JAERI as
19%. This value is enough for the FEL operation. Our estimation, however,
takes no account of the space charge effects. More accurate estimation in-

cluding the space charge effect Is expected.
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1.8 INJECTOR GUN OF TEE LINAC FOR A FEL OSCILLATOR

Hiroshi YOSHIKAWA* and Katsuc MASHIKO
Department of Physics, JAERI

Abstract

A structural design of the injector gun of the linac for a FEL oscil-
lator was done. The electron beam from gun should have a low emissions
(<10 micrc mrad) and a micrcpulse sequence (ins width and &80ns
separation). The designed gun structurs has the following specific
features: 1) the position of the gun electrodes is centered at the HV-
insulator vessel; 2) the shape of the electrodes forms the low perveance

type Plerce gun.

Introduction

The most important parameter needed for FEL applications is the
brightness of the beam, which should be as high as possible. And also
the energy spread should be less than 1/2N, where N is the number of the
undulator period. It is alsoc requirsd that the mnicropulse separation
should match to the round-trip time of the light ftraveling in an optical
cavity length.

The low-emittance beam may be produced from the injector gun using
either & thermionic or a photoemissive cathode. The conventional ther-—
mionic cathode with a control grid is immediately available in commer-

cial bhase and it can be used to form the required micropulse sequence.

1)

The FEL scheme at JAERI and the R&D schedule are presented elsewhere
In the phase-1 R&D schedule, the injector consists of a grid-
controlled thermoioniec cathede gun, a sub-harmonic buncher, a buncher

and two super-conducting cavities as pre-accelerator.

Design Consideration

However the micro- and macro-pulse sequence depends on the specifica-
tion of the linac and the optical cavity, the micropulses with 4ins width
and 8Cns separation and the macropulses of Tms duration and 1% duty are

chosen as phase-1 parameters. Under this condition, the pulse transmis-
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sicn between the pulser and the grid should have extremely good
frequency characteristics to achieve the fast timing response. The
length of a lead wire must be as short as possible to reduce the un-
wanted stray capacitance. To avold this difficulty, the positioﬁ of the
gun electrodes is moved to the center of the HV-insulator vessel in con-
trast to that of conventional structure, as shown in fig.1. This con-
figuration will work 1f the electron beam extracted from the ancde does
not need an excessive focusing magnetic field. Practically, the grid-
cathode assembly (e.g.,Bimac Y-646B) and the focusing electrode are
mounted on a flat flange, while the ancde 1s mounted on the top of the
suppeort with a hollowed cone shape. Such an ample space just adjacent
to the cathode makes the design of the pulser and power-supply easy.
And its maintenance of improvement alsc becomes easy.

The low-emittance beam can be produced using a swall cathode, say, 2Z-
5mm in diameter, but the commercially available grid-cathode assembly
has a larger diameter, generally. In this design, the virtual area of
the electron enission over the cathode is contreolled by using the hole
size of the focusing electrode, whose potential is kept negative to ihe
cathode potential. _

Another important point for the low-emittance gun design 1s the shape
of the anode and cathode. If the current density from the cathode with
the very small emissive area were snough, the best method for beam ex-
traction would be that with the bean trajectory almost parallel to the
axls accompanied by a slight electrostatic focusing to cancel the space-
charge effect. The other cheolice which we employed is a low pervesance
configuration {(week focus) with a relatively high voltage applied to
cathode and the anode. The calculations of the beam +trajectory under

}-

the various electrede shapes were done by M.Sugimoto2

Discussgion
The design study on the injector gun is now in pregress. Experimen-
tal tests are planned to prove the axial focusing properties of the beam

exiting the anode and to tune up the associated electronics.
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Fig.1(a) Cross sctional view of electron gun assembly.

The anode is mouted on the top of cone shape support which has
vacuum openings.  Cathode, Grid and Wehnelt are mounted on a
flat flange. (1) Cathode Assembly, (2) Anode, (3) Wehnelt
(4) Ceramic Insulator, (5) Ceramic Insulating Cylinder.
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Fig.1(b) Side view of Gun tank (1) Electron Gun, (2) Cockcroft-

Wolton, (3} Vessel,

(5) Gate valve (6) Ion Pump
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1.9 DESIGN OF THE ELECTRODE SHAPE OF THE INJECTION GUN FOR THE
*
JAERI FREE ELECTRON LASER

Masayoshi SUGIMOTO
Department of Physics, JAERI

The newly developed electron gun for JAERI free electron laser should
have a good emifttance, < 10 7 mm-mr, with the moderately high peak
current, & 100 mA. To realize such a condition using the conventional
thermionic cathode, we employed a special form of the electrodes and a
small cathode. The focusing electrode is isolated to the cathode and the
output beam compression can be controlled by changing its potential

relative to the cathode potential.

Introduction

The essential requirement for the injectors used for the free electron
laser is the high brightness, and under the condition of the limited peak
current it means the low emittance, less than 10 7# mm-mr for our purpose.
There are some novel techniques to obtain a good quality beaml):
photoemissive cathode using pulsed laser excitation and/or RF acceleration
immediately after the cathode. However, it can be also realized by using
the conventional thermionic emitter, as far as the current demsity is not
too high , X 10 A/cm or less. in our case, the peak current would be

less than ® 100 mA and the beam diameter & 1 mm, so we tried to design the

shape of the electrodes for the injection gun, which satisfied the required

condition.

Design study
The primary object of the design of the electrode shape is to realize

the low emittance beam (X 10 7 mm mradians) under the condition: energy 250
keV, peak current 100 mA, and beam diameter 1 mm. Firstly we made a
decision to employ a low perveance type electrode shape to satisfy such a
low emittance. Secondary we chose the beam envelope between the cathode
and the anode. There are two types of beam extraction with low emittance:
i) the beam is almost parallel to the axis of symmetry, and it has small
diameter at the cathode area with the high current density. ii)}) the beam
is focused into anode hole and it becomes almost parallel after extracted

from the anode. The latter case would be preferable from the point of
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view about the load for the cathode, but the former one is better when the
high peak current is needed and the space charge effect is untolerable.

In any cases, the shape of the electrode must have the characteristics
to reduce the unnecessary growth of the emittance between the heam
extraction line: the radial component of the electric field formed by the
electrodes is proportional to the radial coordinatel). If the beam is not
extracted, such a condition is easily fulfilled by solving the Laplace
equation, but actually the self-field of the beam makes difficult to solve
the problem. The design was done by uwsing the SLAC electron trajectory
programz) with some modifications about input data handling reoutines.

The calculations of the electron trajectory were carried out by
changing the parameters: a) cathode radius, b) shape of the focusing
electrode, c¢) distance between cathode and anode, d} shape of the anode.
The calculations with different current density and the anode voltage were
also done. And the possibility of the controlling the output beam size
(or beam compression) is studied by changing the potential of the focusing

)

electrode relative to the cathode potentia13 :

Results

The optimal shape of the focusing electrode is fairly independent of
the other parameters, and has a large focusing strength compared with that
obtained from the solution of the Laplace eguation for no beam case. But
the focusing is much weaker than that for the usual Pierce type electrode.
The anode shape gives relatively small effect to the final results but it
must have a defocusing characteristics to avoid the over-focusing after the
beam extraction.

The obtained emittance is exponentially decreased by decreasing the
cathode diameter. To satisfy the beam diameter requirement after beam
extraction, the cathode diameter should be less than 4 mnm. The radial
distribution of the extracted electrons has a peak at the edge, so it is
like a hollow beamn. This is caused by the space charge force inside the
beanm.

The increase of the emittance becomes linear about the decrease of the
anode voltage between 200 and 300 keV, and the resulting unnormalized
emittance is about 1.8 7 mm-mr at 250 KV. If the anode voltage decreases
to 150 kV, the emittance detericrates to 2.7 # mm-mr.

The emittance increases, roughly speaking, linearly, as total current

increases. So it becomes a very difficult task to maintain the beam size
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small in the high current condition. The limit of the total current to
preserve the good quality in the designed injection gun is about 200 mA.
By variation of the potential of the focusing electrode the extracted

beam size can be changed, e.g. 5.8 mm radius becomes 5.5 mm when -50 V is

applied. In Fig.1 the typical beam trajectory and equipotential lines are
given, The horizontal axis is the symmetrical axis of the gun and the
vertical axis shows the radiai distance. The shape of the focusing

electrode on the left hand side has a curve with small curvature whereas
the shape of the anode side has a larger convex curvature. The fiiled
area near the symmetrical axis shows the beam trajectory from the virtual
cathode, In fig. 2a), the normalized current density at each radial point
is plotted. A peak at the edge region can be found generally. Fig. 2b)
shows the directions of each ray relative to the symmetrical axis at the

exit of the problem region.

Conclusion
The electrode shape for the injection gun of the JAERI free electron
lagser is determined by using the electron trajectory calculation program.

The required condition for the injection gun is satisfied if the small

cathode is used. The higher anode voltage is preferred to get the smaller
emittance at the exit. The maximum beam current available from the
current geometry is less than 200 mA, The wvariation of the potential of

focusing electrode can change the exit beam size.
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injection gun for JAERI Free Electron Laser
{cathode diumeter=4, 100mA>

Fig. 1 Shape of the problem region boundary and the egui-potential lines
for the cathode with 4mm diam and 100 mA peak current. The filled area near

axis shows the beam trajectories from the virtual cathode. Unit is shown in

mm.
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1.10 SPACE CHARGE EFFECTS ON BUNCHED BEAM
Masaru SAWAMURA

Department of Physics, JAERI

Abstract

Beam dynamics calculation has been carried cut on the bunched electron
beam both in longitudinal and transverse directionm through the injecticn
system of the linac for the free electron laser. In order to get high beam
quality for FEL oscillation, in case of high beam current, it is found that

the energy selection is required before pre-accelerator.

Introduction

High beam quality, energy resclution and brightness, is definitely
required for free electron laser (FEL) oscillation. It is necessary to make
the phase spread narrow to get low energy spread through the RF linac. When
we want to achieve high peak current, space charge effects are unavoideble.
The space charge forces affect the beam emittance and phase spread badly.

The longitudinal and transverse space charge effects are calculated.

Longitudinal bunching
The outline of JAERI FEL linac is described elsewhere.l) The 84.,7MHz-

gsub~harmonic buncher (SHB) and the 508MHz-buncher are located following the
electron gun which emits the beam of 250keV and 4ns width, In case of no
space charge effects it is possible to bunch the beam to less than a few
tens-pice-seconds by stationing each element properly and by adjusting the
RF phases and the amplitudes of the power. Table 1 shows the phase and
energy spreads for several cases of the SHB voltage. As the SHB gap voltage
increases, the drift length decreases while the energy spread increases. In
order to bunch the beam, the velocity of the beam should be modulated,
namely, the preceding beam is decelerated and the following beam are
accelerated, and the velocity modulation causes the bunching after a
certain drift length.

According to Table 1 the RF phase of the SHB corresponds to the
bunching phase. On the other hand, the phase of the buncher corresponds to

the debunching phase. This means that the buncher acts as a debuncher. The
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sine curve of the SHB RF field can not linearly modulate the beam velocity.
By adding the debunching effect of the buncher, almost linear velocity
modulation can be achieved.

As the beam is being bunched, the current density becomes high and
space charge forces affect each particle more strongly. These space charge
forces cause the debunching effects of the beam, because the preceding part
of the beam is accelerated and the following part of the beam is
decelerated by the space charge forces. Fig.l shows the bunch length
aberrations from the bunch length of nc space charge beam as a function of
the drift 1length from the SHB., As the drift length becomes long, the
interaction duration of the space charge forces becomes long and the bunch
length aberraticn becomes large. According to Table 1 the long drift length
(lew SHB wvoltage) has the advantage of the low energy spread and has the
disadvantage of large phase spread.

Fig.2 shows the bunch length aberration in the cases of the different
position from the longitudinal center of the beam. As the particles are far
from the center of the beam, the bunch length aberration beccmes large and
the beam spreads widely. In order to keep the energy spread minimum and not
to spill the beam, the phase spread should be limited desirably less than
about 9 degrees for the main accelerator frequency, so the energy selection
is necessary to cut the tail of the beam and tc get the small phase spread

just before the pre-accelerator.

Transverse focusing

Solenoid coils are located along the bteam line to focus the electron
beam transversely. At just the downstream of the SHB the current is about
100mA and at just the upstream of the pre-accelerator it is about 10A. As
the current density becomes high, the defocusing force by the space charge
becomes strong. Strong focus strength is necessary to keep low transverse
emittance,

A simple medel of cylindrical beam are considered, where current
density is assumed as reverse proportional to the bunch length and
uniformly distributed in the volume, Fig.3(a) shows the beam radius as a
function of the drift length through the uniform solencid field, At the end
of the drift space the bunch length is so short and the defocusing forces
by the space charge forces are sc high that the stronger focusing forces

are necessary to keep low transverse emittance as shown in Fig.3(b).
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Table 1 Achievable longitudinal phase space wusing SHB

and buncher in the case of no space charge effects.

10084

Lengitudinal phase space (OmA)

Veun | Osua Viuncher | Pruncher Ag AW Lrift length
(kV) | (deg) | (kV) | (deg) | (deg) | (keV) (m)
40 -14.5 5.0 174.5 1.7 658.9 11.3
50 -16.7 6.5 175.6 2.2 §5.0 8.9
60 -20.8 7.5 172.8 2.5 100.7 7.2
Veun=250kV At=4nscc
1=
Fig.l Bunch length aber
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1.11  HIGHER BRIGHTNESS INJECTOR:SURVEY ON
PHOTOCATHODE INJECTOR DEVELOPMENT
AND PRELIMINARY DESIGN CONSIDERATION

*
Jun SASABE"
Department of Physics, JAERI

Developmental status is surveyed on the higher brightness and higher energy
resolution injectors with photocathodes for free—electron-laser (FEL) drivers. Design
consideration is preliminarily undertaken for further improvement of the beam
characteristics of the presently planned RF-linac (Phase-I) to the next stage of the
FEL’s R&D. '

1. Introduction

An injector system and superconducting linear accelerators are now under
construction in JAERI as the first stage (Phase-I) of the FEL’ R&D.U
At present stage, as an electron emitter of the injector system, a thermal cathode
(dispenser cathode) with rather high voltage (300kV) is adopted.
In the second stage {Phase~II), an RF-or high voltage gun with photocathode is

planned to get the high brightness and high energy resolution beam.
The optical gain of FEL is proportional to the brightness of the beam, so higher
brightness injector is necessary. The brightness Bn can be expressed as following
Bn=I/<en>?  [A/(m?-rad?)]
Here T is peak current and €n is beam emittance.z)
In order to get the high brightness beam, the emmitter with high current density and
low emittance are required.

As an electron cathode of the linac injector, thermionic cathode (e.g.,oxide—,
dispenser—, and LaBs—cathode, see Table 1) has been used for a long time. Thermionic
cathodes are generally limited in the emission current density (typically, several ten
A/cm?). It is, therefore, necessary to compress {bunch) the beam longitudinally in use
of the thermionic cathode for high brightness. For the purpose of the beam longitudinal
bunching, sub-harmonic-bunchers and bunchers are required, associated long drift
space causes the degeneration of emittance and energy spread of the beam (sseveral
tens keV) unavoidably , because of the space charge.

Photocathodes have been widely used in TV cameras or photo multipliers Their
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development in these fields are not intended to use as high current electron emitter.
The study of photocathodes for use of high current source has recently progressed,
mainly in USA (e.g., LASER TRON). As high current density and high brightness,
600(A/cm?) and 107(A/cm2-rad?) have been achieved respectively by LANL group.3)
As electrons are emitted from the photocathode only during the laser pulse duration,
no compression system is necessary, and then low emittance and low energy spread
beam can be obtained.

2. Developmental Status of Photocathode Injectors
The developmental status of photocathode injectors for FELs in advancing

laboratories are listed in Table 2. As the photocathode material, a semiconductor
photoemitter Cs3Sb has mainly chosen, because of it’s capability of high current
density.Q_B)Another semiconductor GaAs which has higher quantum efficiency is now
being investigated, however, it has not demonstrated so high current density.
Table 3 shows the comparison of GaAs with Cs;Sb. Because of the small optical
absorption, the thickness of the GaAs layer has become thick to get enough current, s0
that it is difficult to get the short pulse beam. On the other hand, the transverse
energy spread of GaAs is very low at the wavelength very close to the material
threshold(AE<0.1(eV) is possible), so higher brightness beam can be obtained.*)
Further investigation of this material is expected.

Also another semiconductor or metal photoemitter is now being investigated.
Recently, to get the higher quantum efficiency from the metallic cathode, France’s
group has proposed a method using two laser lights to lower the work function of the

cathode.s)

3. Preliminary Design Consideration

The specification of our photo cathode injector system is tentatively summilized
in Table 4 and design schematics is shown in Fig 1.6)The photo—emmited electrons are
rapidly accelerated with high DC voltage (2300kV) to keep the original emittance
value. Higher voltage can well prevent emittance from growing.

The injector system consists of a preparation chamber of the cathode, a laser system
(mode—locked YAG laser with KD P crystal), and a high voltage power supply.

In the preparation chamber, Cs and Sb in different vessels are vaporized and deposited
on the surbstrate, monitoring the thickness of the depositing layer. The deposited
surbstrate is then moved to the position in the hole of Wehnelt electrode. Since the
vapor pressure of Cs is high, the thermal effect due to the high average laser power
vaporizes Cs atoms on the cathode severely. A cooling system is necessary to avoid
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this inﬂuence.4)

In the laser system, the mode—locked YAG Laser oscillates at 1064nm, and the
fundamental is doubled in KD*P crystal to 532nm. Pulse—to—pulse duration time is
controlled by optical delay system. Laser and RF system must be synchronized.

A vapor deposition experiment is firstly by monitoring the quantum efficiency and
residual gas species. Secondly, the mesurement of current density and beam emittance
and energy spread will be made.

The physics of photo materials is not solved entirely and the technology to gain
enough current from the photo material has not been established yet. In order to get
higher brightness beam and to use it practically, the key points are: "How can we
lower the work function of the photo materials?" and "How can we improve the life
time of the cathode?"
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Takle 1 Summary of Typical Thermal Cathode Characteristics
Cathode Peak J Area Temprature Operational Work
(Afcm?) (em?) (°K) Pressure(torr) Function(eV)
Oxade 20 <1icoo 800~1100 <107 1.0-1.2
Dispenser 16 <500 11001400 <3x10-7 1.8-2.0
LaBs 40 14001800 2.7
Table 2 The Developmental Status of Photocathode Injectors

Laboratory Emmiter

LANL(USA) CssSh
SLAC(USA) GaAs

BNL(USA) Yttrium

or Us4Sb
LBL{USA) Cs;35b
{planned)
Gesamihochzchule
(planned} Cs1Sh
CEA(FRN) (CSi5b
(planned)

Table 3

Quantum Effidency
Thickness of Layer
Optical Absorption
Bespounse

Operational
Pressure

Table 4 Specification

Photecathode material
Photocathode gun voltage
Incident light

wavelength

pulse width
Cathode Area
Current density
AE/E(after gun)

Current Emittance Energ Bunch
{A/cm?) (mm-mrad) (MeV (ps)
800 5-10 1.0 §0-70
(now 15)
180 1680
100A 35 4.63 35
760 0.5¢ 4.1 15
200A 2.0 510
200500 1.0-1.3 30100
The Comparison of GaAs and Cs35b
GaAs Cs 35
1-10% 1-3%
thick thin
(81ymm} {several hundred A)
small large
slow fast
10-t{torr) <10-¥{torr)
Vapor Deposition Moritor
Residual Gas Analyzer
Cooling System .
Super Conducting Accelerator
st e
300kV oy :
< T L
532om ! Spectrometer
10—30ps ]
lem? RE System |
2004 /cma3 Ion Pump
0.5% Synchronizer
—] Laser System

Fig.! Design Schematics of Photocathode [njector
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1.12 CONSTRUCTION OF A COMPACT ELECTRON STORAGE RING, JSR

SYNCHROTRON RADIATION RESEARCH LABORATCORY and LINAC TEAM

Department of Physics , JAERI

Abstract

A compact electron storage ring (JSR) was completed in March, 1989 in
order to study some accelerator techneclogies related to the R&D aiming at the
high-brilliant synchrotron radiation facility(8GeV). The JSR lattice has a
Chasman-Green lattice with three 1.5m long dispersion free straight sections.
One of three straight sections is previded for the study of insertion device.
The circumference of JSR is 20.546m. The electron beam are fed by the linac
at 150MeV and their energy is ramped slowly up te 300MeV in the ring. The power
supplies of zll magnets and RF-system are controlled through cptical fiber

links by the real time computer system. The signals frcm beam monitors are

stored in the same computer so as to wable 1 Main Parameters of JSR,
simplify the procedures of diagnostics Stored energy 300MeV
and controls. (Injection energy) 150MeV)
Circumference 20.546m
We started the experiments of aierage radius 1.27m
electron beam injection for JSR-on May Revelution time 68.5nsec

' Avallable straight section 1.45m
25, 1989, and succeeded to cbserve the * g

Numper of bendlng magnets ém
synchrotron radiation on May 31, 1983. i ongth of quadrupoie field 6.3m™
4.1m™
-5.6m”
1. INTRODUCTION
Natural emittance 1.1x10 hrad
Three big projects of synchrotron yw.rurai chromaticity x -1.81
radiation facility of the next genera- Y -4.54
\ . , Tune X 2.25
tion in the world are almost simultane- 125
Y .
ously in progress: 8GeV in Japan, 7GeV Damping time constant x 58msec
APS ANL and 6GeV ESRF ILL. The design Y 48msec
5 2Zmsec

study on the big facility is effectively
Momentum compaction factor 0.044

facilitated the technology accumulatlon ghergy loss per turn 0.86keV/turn
thru the experiences of the construction RF [requency 116, MMz
, . Harmonic number 8
and operation of the small storage rings
Peax volitage 30kV
JSR1),2). The aim o¢f JSR is to study Synchronous phase 8.8degree
various kind of accelerator technologies RF power kW
. . Natural bunch length 1émm
as well as to examine the new ideas such ¢
Teuschek lifetime Zhours



as the beam position con-

trol andthe insertiondevice

study.

2. CHARACTERISTICS OF JSR
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The JSR lattice is

Chasman-Green type. As shown

in Fig.l,

three fold symmetry.
period of the lattice in-
cludes twokerdingmegrets deflectim

angie of 60 degree per each

the lattice has

One

magnet}) and five quadrupole

magnets. The lattice
parameters are summa-
rized in Table 1. There
arethree straight sections
in the ring, which are
used for the spaces of
the insertion device,
RF-cavity and the beam
injection magnets.
The vacuum cham-
ber is compesed of the
stainless steel SUS316L
and SUS316 of 3mmthick-
ness. The several vac-

uum pumps with the
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JSR lattice.
Fig.l Plane view of JSR.

total pumping speed of more than 5000 I/sec are installed in the ring and the

~10

Torr and 5x10 Torr at pump heads.

pressure is between 5x10°°

The injection system is composed of a septum magnet and a kicker magnet
which are located at the same straight section. A kicker magnet generates the
pulse dipole field about 0.04T with the pulse width of 0.6|sec which gives émrad
kick for electron beam. 2 septum magnet deflects the injection beam by
15.172degree with the field of 0.89T and the length of 148mm. An electron beam
is supplied by the linac with the energy of 150MeV. The injection from the linac

are repeated every 1 sec to accumilate electrons in the ring. After the
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accumulation of electrons at 130Mev, Tva : ;
| Photons/s-mred - 0.1% A}

- o
ro A

a7
L=
3
b

the electron energy is gradually in-

— o
noWo.

creased up to 300 MeV.

The brightness ocf synchrotron !

1‘_‘

radiation from the bending magnet is

shown in Fig.2. The main part of o
radiation is in the soft X-ray and VUV L
region. The critical wavelength is F

17.3nm at the electron energy of 300MeV. o'k .

A test undulator 1s planned to be

installed in one of the straight sec- r ¥w13nm

. , fo! bt —
tions for the studies of undulator [ 16 10 10
3 oinml

and electron beam dynamics.
Fig.2 Brightness of the

synchrotren radiation

i net.
3. BEAM MONITORS from the bending mag

The beam intensity is monitored
by two current transfermers(DCCT and Fast-CT). Six position monitors are welded
in the vacuum chamber at the entrance of each bending magnet. Their signals (6
positions times 4 electrodes) are sequentially archived into the control
computer within the time of 0.24sec. A tune is measured by RF-knock out
electrodes which are composad of four wires with the length of 150mm and the
diameter of lmm. One pair of electrodes is installed for the purpose of the
ion clearing. The maximum voltage of 500V is able to be supplied to each
electrode. If necessary some electrodes of the position menitcrs will be used
for the ion clearing. The injection beam is monitored by two profile monitors
composed of screen targets.

Six photodetectors are installed to measure the locations of the

synchrotren radiatien from the bending magnets.

4., CONTROL SYSTEM

JSR is controlled by one contrel computer{real time computer} as shown
in Fig.3. The control computer is selected a 32 bit CPU(rt VAX 100Q). It takes
roles of contrelling the devices, observing the status and alarms of each
devices and also representing the operation mode and the informations of the
beam monitors. Many devices are connected with the computer through the
universal device controller(UDC) and the optical fibers. Presently all power

supplies for the magnets and RE-system are connected with the control computer.
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This control system is ready for studying procedures of the feedback control
of the electron beam position.

The upper level computer, which is connected with the control computer
through DECnet (Thin Wire Ethernet), is for the purpose of the data storage and

the development of the control program.

; -
r5Ise | [HT -
i RD5a | |Txsp | |RS232%
! | ]

o L
LVAX Slarion 2000] !
for GEVELQPMEMNT THIN WIRE
| ETHERNET
INTEAFACE!

CONTROL |

CONSOLE
| DESTA
| vTaez IE??EEEE?AW
I INTERFAZE
t:cpu 0-3U3
RT-vix J D>

;
lgﬁjc ] { e |

1 MTC:Message Tree Communicator
MTB:Message Tree Brancher
UDC.Universai Device Contmoiler

for COMTROL

RF

VACEUM
SYSTEMI | SYSTEM

Fig.3 Computer system of JSR.

5. CONCLUDING REMARKS

JSR is a test ring aiming at the next generation synchrotron radiation
facility so that it has been designed to be flexible to study the contrel
procedures and to install the insertion device. Design study of the lattice
was carried ocut from January to June in 1888, and all devices were manufactured
at the end of 1988. The installation in the linac building was started in
November 1988. An initial beam was injected into JSR and an electron beam
revolved one turn in JSR on May 25, 1989. We succeeded in taking a pheotograph

of synchrotreon radiation light on May 31, 1988.
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1.13 FARRICATION AND RF PROPERTIES OF THE S-BAND
TM010 MICROWAVE CAVITY MADE OF ¥YBapCu3z07-§

Eisuke MINEHARA, Ryoji NAGAIY,
and Manabu TAKEUCHI™

Department of Physics, JAERI

traculty of Engineering, Ibarakl Univ.

After the discoveryl) in late 1986 and the confirmation of
the newly-developed metal oxide superconductors with higher
transition temperatures raised the possibility of a new class oF
superconducting microwave devices operating at temperatures well
above the liguid He and near the liquid hydrogen, neon and
nitrogen, the feasibility study for the superconductor devices
at microwave, and millimeter-wave freguencies, i.e., cavity
resonator, transmission lines, waveguilde, and antenna, was
started at JAERI,Tokail in 2april 1987.

Tn order to examine the feasibility of such devices, and to
investigate the nature of superconductivity in these new
superconductors, we have studied the microwave response of the
oxide superconductors over a wide temperature rangez). In
addition, we have also studied the fabrication, and microwave
properties of these actual devices using the new
superconductors.

The successful fabrication and microwave properties of the
superconducting TMQ10 cavity?) were previously reported to be
resonant at 7 GHz with the quality ( @ ) factor of 104-102. In
the present work, 1t would be reported that the new bonding
method utilizing low- and high-temperature brazing agents could
be successfully applied to make the s-band cavities larger than
the previous ones, and microwave properties of the cavities were
much improved to have the quality factor of 105 - several x 100,
The body of the cavity was made out of the single-phased and
pulk ¥YBazCuzC7-§ material with a transition temperature of about
92 °%. The O factor of the cavity was measured as a function of
temperature from 300 °K to 30 °K. Starting from a value of Q=~

2 thousand from 300 °K to about 100 °K, the Q increased by a
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factor of thousands to 0=>109 at 15°- 30°K and upon further
conditioening of the cavity and the RF coupler, tc several x 10°
at the same temperature. The temperature dependence of the ¢
factor was cbserved to e very similar with independent
measurements of the ac Meissner effect and the surface
resistance for the YBa»Cu3z07-§ sample52r3) r and the ¢ factor
of the 7 GHz cavity resonator?) .

A high Tc superconducting microwave cavity may be
considered as a fundamental device wheose microwave
characteristics define the performance of the bulk microwave
structures. Cther kinds of the microwave devices utiiizing a
wave guide, coaxial cable, nermal-conducting and classic
superconducting cavities were recently designed and made to
measure microwave responses for the high T¢ superconducting
samples. Except for the c¢lassic superconducting cavity devices,
their sensitivities for measuring microwave characteristics of
the high Tc material are several orders of magnitude lower than
the high Tc superconducting cavity device. The fabrication
technology utilized in the cavities have potential applications
for any kinds of passive microwave elements, i.e., particle
accelerators3}, resonant filtersS), ultrastable Clocks6),
transmission lines and so on.

High-purity Y-, Ba-, and Cu- oxides were mixed as fine
powdered materials, and reacted at 900 °C for about 5 hours.

The Cu-oxide powder used here was specially prepared to have the
powder particle diameter of 400 angstrom in average. The
mixture was repeatedly pulverized, reground, and sintered at 200
°C for about 10 hours. The resultant black powder was then
cold-pressed into solid and disc forms, using an isostatic press
at pressure of 300-400 kg/cm?, and then mechanically machined
inte flat disc and ring forms. Before and after the final
machining and polishing, the ring and discs were sintered at 320
°C in dry air for about 7 hours.

Characterization of the samples by four-point dc

resistance, ac Meissner measurements and the others indicated a
Tc onset of 92 °K with a transition width of less than 2 °K, and

it

the density was measured to be about 75 % - 95 % of the
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theoretical value. X ray diffraction patterns taken in each
process step showed that the final discs and rings had the
single-phased , the slightly ab-plane aligned structure parallel
to the surface, no other structures than the YBapCuz(07-§ and no
impurities within the statistical error.

The high Tc superconducting cavities were designed and made
to be resonant in the TMpo1Q mode at 2.856GHz. Because of the
immature bonding technigue at the first assembling of the
cavity, the resonant freguency for the assembled cavitiles was
shifted to be 2.43 GHz. Because the technigue was improved
after measurement of the first cavity, the second cavity could
be successfully assembled and measured to be exactly resonant at
the designed frequency of 2.856GHz. The resonances of the other
TMgpno modes with n=2,3,4 and 5 were observed at the calculated
resonance frequencies from the fundamental freguency of the

TMp10 mode.

YBCO-Pellet Discs and Ring

Cu-Plate 2
~all

RF Monitor

RF Input

_,/)'

SMA-Receptacle
& Adjustable Coupler

Connected by Low & High
Temperature Brazing Agents

Fig. 1 Schematic of the YRapCuiz07-§ cavity.

The cavities were made from the two identical YBazCu3z07-§
discs, and the ring as shown in fig.l. Fach of the discs has

dimensions of 110 mm outer diameter x 8 mm thickness which
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contains a coupling hole of diameter 4 mm at the center. The
ring has dimensions of 110 mm outer diameter, 80 mm inner
diameter x 5 mm and 8 mm thicknesses. The cold-pressed disc
could be machined smocthly without any special care to avoid
some damage to the disc. No ccolant cr lubricant was used to
avoid contamination during machining. These two discs and the
ring were sintered in dry air, and were assembled in the form of
a cavity by welding mainly with a low-temperature indium-based
brazing agent and a high-temperature silver-based brazing agent.

We tried several kinds of soft metal wire (gcld, silver,
aluminum and indium) O rings as a seal between the bulk discs
and the rings before the welding technique was applied to
fabricate the cavities. Concerning the metal-wire sealed
cavities, we found very freguent and irreversible
irregularities, and deterioration of the measured {Q values
during the cooling down and warming up. Except for the early
stage of the present work, we did not try to apply the metal C
ring to fabricate them.

The resonant frequency measured for the first cavity with
TMg10 mode was around 2.43 GHz between 300°K and 30°K. The
lowar resonance freguency measured in the cavity than the
calculated showed that the cavity should have the inner diameter
larger than the ring's one effectively. The lower resonance
frequency than the expected cone mainly came from the bad contact
between the ring and discs, and imperfect diffusion of the
brazing agents, and roughness of the bonding surface around the
inner edge of the ring.

As shown in fig.2, experimental set up used in the present
work consists of a large cryostat, a He-gas closed loop
refrigerator, a magnetic-suspended turbomolecular pumping
system, and the vector network analyzer system. Dloaded was
measured with RF couplers critically adjusted at each
temperature. Qunloaded was found to be dependent on input RF
power to a small extent. Qunloaded is small and weakly
temperature dependent between 300 °K and 100 °K, attaining a
value of about a thousand at 100 °K. A sharp increase 1is

observed as the cavity is cooled down below 92 °K. Qlcaded
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increases steadily attaining a value of about 10° around 70 °K.

The Qloaded increase appears to slow down at lower tempseratures,

below 70 °K. The Qloaded reached well over
Experimental Setup

He-Gas Closed Loop
Vector Network Analyzer Refregerator

\ﬁP $720 A \
SN

Reflection

Monitor
(Transmission)

Coaxial Transmission j

Lines

Cryostat and Vacuum
Pumping System

Fig. 2 Experimental set up.

109 at 15 °K - 30 °K. Typical freguency scan of the network
analyzer at 30 °K shows a gquite symmetric Lorentizan pattern
with the resconance freguency of 2.856 GHz and Q~>several x 106
after some optimization and conditiconing of the cavity
resonator.

RF measurements for single crystal YBapCu3z07-3 samples3)
showed that the surface resistances were nearly the same as the

Nb ones. Although we should expect a Q factor of 1010 or even
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more from the theoretical consideraticn applying a conventional
BCS theory, the ¢ facteors for the single-phased and bulk
YBasCu307-§ cavity of the several orders of magnitude less than
the expected theoretically could be obtained in the present
work . The lesser Q factors than the theoretical consideraticn
are thought to have some origins in the weak links of the grain
boundary, surface roughness, impurities and so on. However, the
detailed mechanism is not clear at the present because there is
no standard thecry for the high Tc superconductors. And, we
could not pbint out here what the major origins are for the
large @ factor difference. The Q factor of the cavity may be
improved by materials processing because the lesser Q factor is

not inherent in YBa2Cuz07-§ materials3) .
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1.14 DATA ORIENTED PROGRAMMING USING LSSOLVER
Masayoshi SUGIMOTO
Department of Physics, JAERI

The LSSolver program for PC was originally developed to support
nuclear data evaluation study and was designed to allow users to employ the
Data Oriented programming style for solving the Ieast squares fitting
problenms. Now it is extended to handle more general problems including

the design study of the free electron laser.

Introduction

The LSSolver programl) written in Pascal was originally develcped by
the author as a support tool of the nuclear data evaluation study using
IBM-PC, which has a spreadsheet-like user interface and a capability of
representing the results graphically without programming. The specific
feature of the LSSolver 1is the full adaptation of the data and the
parameter covariances in the least squares fitting procedure, which was
formulated by Smithz). Recently, the LSSolver is totally rewritten to
include a lot of functions and is implemented to NEC-PC9800 series, too.
The LSSolver has an interpreter to parse the input stream and toc execute
the meaningful sentence. This sounds like as BASIC, but its uniqueness is
in the "bata Oriented"” programming style. The Data Oriented programming
means that users define the source data first and process them to produce
new data, step by step, by applying a series of operations. Since these
operations are embedded as the formula to define the data (or equivalently
saying, the message passed to the data) and they do not appear explicitly,
only the resulting data take the main role in the programming process.

The spreadsheet-like user interface lets users to modify any data in
the cells of the spreadsheet and recalculate the whole data, easily. Such
trials confirm the correctness of the data processing method and give us
the inspection for sensitivity of the parametric data. The new program,
LSSolver ver.2, is based on the same philosophy as LSSclver ver.1, but it
has much more functions than ver. 1, explained below. It is intended to
be used as a general purpose application program. Currently, it is used

as a support tool of the design study of the free electron laser, and such
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an application is described as an example of usage.

Features
{1) User interface: A spreadsheet contains cells in a matrix of 100 columns

by 100 rows, however the dimensional size can be changed according to the

system memory size. Any data in each cell is entered from the keyboard or
from the disk files. A command to edit a cell or to
insert/delete/copy/move column or row, etc..., is invoked by pressing '/’
key and selecting a highlighted character in a main menu line. Some

commands have sub menus and users can select a highlighted command
character in a sub menu.

(2) Data types: Each cell has an attribute corresponds to cne of the data
types: text, value, formula, vector, matrix and macro. The text datd can
contain a text string up toc 255 characters. The value data represents a
real number. The formula data contains the formula to define the cell
value and the calculated value. The vector and matrix data represent the
vector and matrix of real numbers, respectively, and can also contain the
formula to calculate the elements, optionally. The macro data has a
string that contains commands and their arguments to perform a series of
cperations to the spreadsheet and cells, just like as the command string
input from the keyboard.

(3) Formula: Users can use conventional arithmetic operators (+,-,*,/,7),

arithmetic functions {exp,log,sin,cos,arcsin,sinh, Legendre/Bessel
functions,random number generators,...) and vector/matrix operations
{multiply, transpose, inverse,...}) in a formula to define data. The least

sduares fitting, numerical differentiation / integration and interpolation
are implemented as a special function. If the data cell is given by the
formula, such a cell will be recalculated when some other cell values are
changed. The recalculation of each cell can be controlled by setting the
dependency flag assigned to cell by cell.

(4) Graphics: The vector or matrix data can be displayed graphically as many
styles of plots: histogram, X-Y plot, two-dimensional surface, contour,
three—-dimensional histogram and scattered plot.

{5) Subprocess: There are two paths to execute other programs from the
LSSolver: one is the creation of the subprocess without destroying the
current memory status used by the LSSclver, and the other is the chaining

of the batch processes which execute LSSolver and other program in turn.
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Using either method, an arbitrary program which accepts the input data in

the spreadsheet and returns some data to a cell of the spreadsheet, can be

done externally.

Application to FEL gain calculation

Fig.1 shows the example of the listing of the spreadsheet, which
calculates the gain parameters of free electron laser. The cells from A2
to AP defines the parameters of the undulator magnet, and A6 is the K
parameter of the linear undulator constructed from permanent magnets,
whereas A7 is calculated by assuming the electromagnetic undulator. Cells
between A8 and A12 define the beam condition. Al4 and Al5 are the
fundamental resonant wavelength, Ao, and it is 9.95 gm in this parameter
setting. The criterion value shown at the cell D17 is much less than one,
so in this case the free electron laser is operated in the low gain Compton
regime, and the small-signal gain formula can be applied. Cells from A20
to A24 calculate the gain, which depends on the detuning parameter, r.

Fig.2 is the X-Y plot of the detuning parameter{cell A21) vs the
calculated gain(cell A24). Positive detuning means smaller angular
frequency (or larger wavelength) than resonant frequency, #g, so the figure

shows the well-known fact that the maximum small-signal gain can be

achieved at v = 2.6.

Summary
The new programming style, Data Oriented programming, using the

LSSolver program is proposed to get the solution of the least squares
fitting and other problems_and to inspect the sensitivity of the calculated
results to many driving parameters, quickly and easily. Though this
method has been applied to the design study of the free electron laser

successfully, it could be also used in the other fields widely.
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A B C D E F G
1 wundulator definitions << cgs unit >> 0.51= rest mass of elect
2 3.56= period(cm) 0.50= drift part 3.0E+0010= ¢ , light speed(cm
3 75.00= no of periods 7.3E-0003= fine structure con
4 267.00= total length{cm) 2.8E-0013= classical electron
5 2.87= Mag.fld(kG 1.34=avg mag f{ld 1.8E-0019= charge of electron
6 0.63= K , undulator parameter (permanent magnet)
7 0.57= K , undulator parameter (electromagnet)
8 25.00= E , electron energy (MeV) 49.93 = gamma 42.29
g 15.00= I , beam current {Ampere) 2.5E+0010= number density of
10 0.13= beam cross section {(cm¥**2)
11 0.13= radiation cross section (cm**2}
12 0.97= filling factor = (beam c.s.)/(radiation c.s.)
13 fundamental wavelength freq. wavenumber
14 99537.74 (angstrom) 1.9E+0014 (rad/sec) 6312.36= k (1/cm)
15 9.95 {micro m) 1.33(% line width)
16 8.9E+0009= beam plasma frequency(rad/sec) 8.8E-0004= Budker's 1.8E-0005
17 2.0E-0004= k beam {1/cm) 2.928E-0003= ({k beam)*(total length))”2
18 low gain Compton regime when above value
19 Low Gain Compton Regime --- gain calculation
20 2.4E-0007= gain(factor) 5.940E~-0008 7.1E-0003=amplitude
21 [100]=(#-5= detuning paranm [100]={1-A21= ang.freq 5.4E-0009=(Pierce p
22 [100]=SQR({= (sin(nu/2)/{nu/2})} 2 1.14=Gmax (Krin
23 [100]=DIFF=d{ above ) / d(nu) [100]=DIFF3([100]=DIFF= d"3( above } / d{(n
24 [100]=-A20= gain (Datt[100]=-A20{100]=A24+C2= gain (Sprangle)
25
Fig.1 An example of the listing of the spreadsheet calculating the gain of

the free electron laser.
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1.15 FORTH~NODAL PREPARATIVE: IMPLEMENTATION OF
A FORTH MONITOR NUCLEUS INTO A 16-BIT PC

Yuuk i KAWARASAKI
Department of Physics, JAERI

A Forth moniteor nucleus has been transported into a 16-bit
personal computer (PC) from an original 8-bit PC's by rewriting
primitive words only, for aiming at the construction of an in-
teractive and distributed multi—-computer control system.

A typical test example of execution speed is demonstirated,
vielding in an encouraging result.

Further expansion, Iincluding real—numbe; arithmetics,
multi-segment programming and network configuration is briefly

discussed.

Introduction

There are many ways how to construct computer—based control
and/or data-lecgging systems: in hardware configurations and in
sorts of sofitware implemented herein. In these applications,
a somewhat different feature may reasonably bte adegquate from
ordinary environments, firom the viewpoints of high—speed ex-—
ecution and programming flexibility which includes the system
expandability.

A distributed multi—cemputer system, tyvpically like NODAL
systems/1/, has already been proven the effectiveness. A PC-—
and—intelligent CAMC system/2/ or a linked single-board-
computer (SBCs) system/3/ eventually formed themselves a
simplest distributed system.

An interactive programming envirenment can be provided by
use of an interpreter language instead of compiler languages:
in NODAL, the BASIC~like interpreter is used. However, the
execution speed of the task written in the above is not suffi-—
cient. FORTH 4,5/ is then expected to overcome the
deficiency ¢f the speed, keeping other kinds of distinctive

characteristics; self-producing, as a Ferth system can be
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described in Forth itself, ¢(high expandability? and both in

hl

low level like an assembler and in high level (high
productivity).

In a2ddition, a Forth system Is simple and then it can
rather easily be assembled. This situation allows births of
many dialects of Forth, Jjust like LISP. NEON used in well
known APPLE"s MacIntoshs and STOIC in rumor in EPSON's are

also one of the dialects.

Forth Monitor
The structure of the monitor is basically the same as the

8—bit PC’'s, whose MPU is Z—B0/Z, 3/. The transportation into
+he 158~bit PC's, whose MPU is 8086 or equivalent, has been
performed by rewriting only the kernel, in which sasveral tens
primitive words have been assembled. A 8086 has been naturally
developed from a 8085, similar to a Z—-80. A 32-bit 8038B% is
then similarily developed from a 8068. Some words in the
8086°'s can be assembled more cempact than in the Z-80's.

Newly prepared words are due to the differences between the

hardwares.

Speed Test Example

At present, only integer arithmetics 1s availzble in the
developing Forth system. A heart of a2 sample program written

in BASIC is then chosen as/6/:

250 FOR N=1 TO 388
260 Y.(0)=(X(0)+X (333> MOD 2
270 PSETCO,NY, YO

280 FOR I=1 TO 388

290 YCI)=¢X(I)+X<¢I-1)) MCD 2
300 PSET(,NY, YL

310 NEXT I

320 FOR I=0 TO 393

330 X(D=YCD

340 NEXT I

350 NEXT N

The program cited is a kind of cellar automaton; a model of

self-producing machlines.
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The above BASIC program can be converted in Forth orogram:

{Y-X B400H BCGOOH 400H MOVE )
( AUTOS 400 1 do 1 B* BOOOH + DUP @ SWAP B- 8 + 2 /
DROP DUP 1 B% B4Q0H + ! B8QOOH ® i PSET loop 3
¢ AUTO BGOZ2H SET1 , 400 1 do BCOOH @ B31EH @ + 2 /
DROP DUP B40CH ! 1 DUP B8QOH ! 0 PSET AUTOS Y-X loop

where Y—-X corresponds to lines 320-340 in BASIC'S, AUTOS to
lines 280-310 and AUTO to 250-35%50, including AUTOS and ¥Y-X,
respectively.

In Ferth, each sentenc, newly compiled task, iIs immediately
executable and able to be, in its characteristic, sub-
routinized in proceeding sentnce comeilation; X-Y, AUTOS and
AUTO can run guite independently. B400H and BOOQH ars wvari-—
able areas for X(I> and Y(I) 4n BASIC's,respectively, being

represented directly in the absolute addresses in a

hexadecimal expression,

The following lists the executien times In three kinds of

programming language oen NEC PC—-39801 wvm (10 MHz).

1. BASIC NB8—original 17:21. (min:sec. XXD
2. BASIC on MS-DOS 18:38.

3. BASIC MS;—compiled 6:22.

4. MS-Fortran 1:22.

5. FORTH listed 1:05.

6. FORTH tuned—up (1) 0:48. 3

7. FORTH tuned-up (2> 0:28.6

In the tuned-up(l), separate primitive words ares con-—
catenated together, compound primitive words; "i B%" to
"iB%"," + DUP @ SWAP B-— ® +” to ™ 4D+ ™ and " 2 ~ DROP DUP" +to¢
"MODZ2D™, respectivrly. In the tuned-up (2), PSET in the BASIC’s

original subroutines is replaced by new!ly prepared one.
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Discussion and Conclusion

The table can be Interpreted as:
1Y ¥ven the same program runs in a different speed: the 0S8s
can not always offer the environment where a task can run
fast, while the BASIC moenitor can do.

2 A compiled task of BASIC c¢an run faster only by three time.
3) A fortran compiled task, faster than BASIC’s roughly by 10
time. '

4) Forth one of the case, faster than the Fortran’s.

5) Tuning—up technigue, a kind of »retotyping/7/, 4is proved as
effective one.

¥or real—-number arithmetic, a numeric data processor, NDP,
e. g, 8087/8/ for 8086, can effectively be incorporated in the
system. The NDP has the architecture o¢f -8 80-bit stack
registers, which 1s thus the mest suited to Forth’s function,
because Ferth functionally operates through the stack; povping
data up and pushing data down. New primitive words for NDP's
ecperation can, thesrefore, be prepared mere directly than for
MPU’ s.

The directly addressing range of 8086°s is intrinsically
limited to 64 kilo—bytes; this leads to the introductien of
the segment. Thus the multi—-segment programming will in its
structure become resemble to that of multi-computer’s, as in
NODAL.

For a distributed control svstem, a star—like network may
be better than a loep’s, because the system has, a priori, te

be in a definite hierarchy.
The author -thanks M.Mizumotc for his collabdration of the

measurement of the execution speed in the cases of 2., 3. and

4.
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2.1 H1GH-RESOLUTION ZERO-DEGREE ELECTRON SPECTROSCOPY (1)

Kiyoshi KAWATSURA, Masac SATAKA, Hiroshi NARAMOTO,
Yohta NAKAI, Yasunori YAMAZAKIT Een-ichiro KOMAKIT
Kenro KUROKI® Fuminori FUJIMOTO' Yasuyuki KANAL®
Tadashi KAMBARA™*™Yohko AWAYA™*and Nikolaus STOLTERFOHT
Department of Physics, JAERI; *Col]ege of Arts and Sciences,
University of Tokyo, **The Institute of Scientific and
industrial Research, Osaka University, ***The [nstitute of
Physical and Chemical Research, ****Hahn—Meitner Institute,

Berlin, Federal Republic of Germany

Introdugtion

A great deal of attention has been paid to measurements of secondary
and Auger electrons ejected in ion-atom collisions. High resolution
studies have primarily been devoted to Auger electrons emitied from the
target atom. Zero-degree electron speciroscopy was used to measure convoy
or cusp electrons emitted during ion-atom interactions.

Recently, the method of zero-degree spectroscopy was applied to
projectile Auger electirons reducing the kinematic broadening effects%)

At zero-degree observation angle of the electrons, the broadening effects
cance!l in first order.

In this work, we appiied the method of zers-degree electron
spectroscopy for fast ion-atom collisions. We measured high-resolution L-
Auger spectra of S5+ excited in collisions with He at an incident energy of
64 MeV. This method is well suited to avoid Doppler broadening effects
normally causing oroblems in fast ion spectroscopy. The Jight target atom
He and the relatively high energy projectile were chosen to establish the
conditions for "needle excitation™ i.e. the excitation of the inner-shell

electron without disturbing the outer shell electron?)

The experiments to measure Auger electrons in ion-atom collisions were
performed using electrostatic specirometer inside a high vacuum scattering

chamber at H2-2 beam line. The experimental setup is shown schematically
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in Fig. 1. Projectiles of H4-MeV 55+ were provided by the tandem
accelerator faciiity at JAERI in Tokai. A beam of ions is carefully
collimated to about 1.5 mm in diameter to avonid edge scattering, and
directed into the scattering chamber and the target gas cell. The typical
beam currents of 100 nA were collected in the Faraday cup, which was used
for normalization of spectra.

Auger electrons were measured by a tandem—type electron spectrometer
which was composed of two consecutive 45° parallel-plate electrostatic
analyzers%) The first device was used as a deflector to steer the
electrons out of the ion beam, and the second as an analyzer to determine
the electron energy with high resolution. To improve the electron energy-
resolution, the deflected electrons were decelerated in the region between
two grids in front of the analyzer to 50 eV by a retarding electric field.
In the experiments, a typical resclution achieved was AE/E = 10_3 full

width at half maximum (FWHM). This resolution was sufficient to resolve

individual Auger lines.

Results and discussion

In Fig. 2 an example is shown for a low-resolution secondary electron
spectrum observed at zero degree. The spectrum is obtained using 64 MeV
S5+ projectiles incident on a He-gas target. The dominating peak at 1[.08
keV (cusp) is due to electron loss to the continuum (ELC), whereas the low-
and high-energy peaks in the vicinity of the cusp originate from the
ejection of projectile Auger electrons emitted at 1800 and 00 in the
projectile frame, respectively.

In the experiments, the velocity of the projectiles is greater than
that of the Auger electrons in the projectile frame. Therefore, electrons
emitted with an energy E' in the projectile frame are observed at 0% in the
laboratory frame at two different energies

EH,L _ (tpl/z N E,l/z)z,

where the signs + and - correspond to emission angles of OO and 180O in the

(1)

projectile rest frame, respectively. The quantity tp = Tpm/M is the
projectile energy Tp scaled by the electron to projectile'mass ratio. The
Auger electron spectra observed in the laboratory frame were transformed to

the projectile rest frame by using the following relation for the doubly
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differential cross section,

_dao’ (E'
dE'd9' ~ \E

_dg_

1/2
) dEdR .

A part of high-resolution Auger spectrum is given in Fig. 3. This
spectrum corresponds to the high-energy (EH) Auger electrons, which were
ejected to the angie of OO in the projectile rest frame. The spectrum
shows lines groups atiributed ‘o configuration 1522522p53331 where 1=0,1
and 2. As expected the most intense group is attributed i{o the
configuration 1522922p5353d due to the dipole transition 2Zp - Jd. The
group due to the quadrupole transitiom 2p 2 3p is also found to be rather
significant. The peak group at lowest energy clearly shows-that the two
lines were produced by the 2p1/2— 21)3/2 fine-structure spiitting. However,
it is seen that each group of the whole spectrum exhibits individual [ines
whose identification requires further theoretical work involving atomic

structure calculations.

1) A. [toh, T. Schneider, G. Schiwietz, Z. Reller, H. Platten, G. Nolte,
D. Schneider and N. Stolterfoht: J. Phys. B 16 (1983) 3965.
2y N, Stolterfoht: Phys. Reports 146 (1987} 315.
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Fig.l Experimental setup showing the target-gas
cell and tandem-type electron spectrometer.
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2.2 ION CHANNELING SPECTROSCOPY OF SINGLE CRYSTAL

AUSTENITIC STAINLESS STEEL

Tohru MITAMURA*, Kiyoshi XAWATSURA, Keiji KOTERAZAWA*,

Hajime IWASAKI*, Yochta NAKAI and Mititaka TERASAWA*

Department of Physics, JAERIL

*Paculty of Engeneering, Himeji Institute of Technrology

Radiation effect on lattice structure of single crystal austenitic
stainless steel SUS3105 under He+ ion bombardment was studied by a method
of ion channeling spectroscopy. X X-rays of the constituent elements
induced by the He+ ions as well as Rutherford back-scattered He+ ions were
measured. From the analysis of the X X-ray spectra obtained, the lattice
position ef the alloying and impurity atoms and their disordering caused by
the I—Ie+ irradiaticn were investigated. It was found that the impurity atom
P is situated at the octahedral site of the fcc crystal and it tends to
displace from the site under the irradiations of the energetic He+ icn

beams.

1. Intreoduction

Radiation damage 1in the materials caused by energetic neutron
hombardments is one of the mest important items to be fully understcod in
nuclear reactor material development. It has been known that, during
irradiation of energetic electrons or neutrons, the impurity or alloying
atoms such as P or Si of the austenitic stainless steels move and
concentrate to the sites of grain boundaries and that this phenomenon of
se~called radiation induced saegregation never ccurrs under only thermal

L. 2)
condltlon.l,

The present investigation was intended to make clear the fundamental
process of radiation damage by means of ion beam analysis method. Single
crystal austenitic stainless steel SUS310S was chosen as a specimen.
Location of the impurity or alloying atoms in the fcc lattice stxucture of
the single crystal was studied as well as the mechanism and process of
their displacements through the crystal lattice wunder energetic e’ ion
beam irradiatiens. The He+ ion induced characteristic X-rays of alloying

and impurity elements were measured as a functicn of angle around the
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<110>, <100> or <111> crystal axis and analyzed.

2.Experimental method

A single c¢rystal rod of austenitic stainless steel SUS3108 was
prepared by the Bridgeman method. The specimens with the surface plane to
be normal to the <110>, <100> and <111> crystal axis, respectively, were
cut cut from the rod.

He+ ions with an energy of 1.7 MeV accelerated by tﬂe 2 MV VvVan de
Graaff accelerator of JAERI were bombarded at room temperature tco a
specimen, which was mounted on a three-axis goniometer and tilted for
varying crystal orientation. The yields of He+ ion induced characteristic
X~rays emitted from the specimen were measured as a functicn of the tilted
angle through a crystal axis. A 30 mm® x 3 mm thick $i(Li) detector with
15 pm thick beryllium window was used for the X-ray detection. After about
10 hours irradiation of 1.7 MeV and 0.8 MeV He+ icns, the irradiation
effect on the crystal structure was evaluated. Rutherfcrd backscattering

(RBS) measurement was supplementally performed with a solid state detector.

<110>ALIGNED
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j i
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’ﬁ-‘\—

COUNTS { arbit, unit )

/\ <110>RANDCH
FAA

-'W_ “/"V ;\" ‘\ i

L j; 1 n z L .
CHANNETL

Fig.l Aligned(<110>) and random spectra characteristic
X-rays induced by 1.7 MeV Het ion irradiations.
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3. Results

Fig.l shows examples of the X-ray spectra obtained in the observaticn
of the virgin specimen with <110> axis. The upper cne was in the case that
the He' ion beams was incident to the surface place in alignment with <110>
crystal axis, while the lower one in the case that the He  ion beam was
incident at an angle of 2.2 off the aligned direction. K X-ray peak of P
atom is clearly seen in the "aligned” spectrum. No visible peak could found
in aligned spectra of <l10C> and <111> specimens. By computer spectral
analysis, it is found that, only in the <110> specimen, the X X-ray yields
curve (dip curve} of P atom has a rise when the ion beams align with the
crystal axis.

In crder to see the 3
degree of radiation dama-
ges, the specimen was
bombarded by 1.7 MeV e
icns in random direction
up to a fluence of 1.27
x 10'® ion/cm? and, then,
0.8 Mev He+ icns up to
2.0 x 10*% ion/em?. Fig.2

K X-RAY YIELDS

shows the variations of K

X-ray yield for each ele-
+
ment as a function of He

ion fluence. The K X-ray

yield of +the  impurity (o R I U ST S N SO
0 .2 % .6 .81.01.2 77516

atom, P, decreases Wwith x10 x1016

He+ icn fluence and those ge* F LUENCE (ion/cmg)

of other elements increa-—

Fig.2 X X-ray ylelds as a functicn

se. The Ni and Si X-ray
of the Het ion fluence.

vields are larger than

other X-rays.

Changes of full width at half maximum, 2¥, and minimum vield, Xmin' cf
the dip curve were analized as a function of He+ ion fluence. Value of 2y
in the case of major alloying elements, Ni+Fe#+Cr, gradually decreased from
1.3 to 0.9 with increasing 1.7 MeV He+ fluence and sharply decreased to 0.4
after 0.8Mev He+ ion bonbardment. The Xpin value increased from 0.2 to 0.4.

In the Si dip curve, similar tendensies were cbserved.
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4 .Discussions

Assuming that the P atom locates at the octahedral site of the fcc
structure, the K X-ray yield from the P atoms will be prominent in the case
of <110> axis channeling, and, in both cases of <100> and <11l1> axis
channeling, P atoms will be shadowed by 1attice elements and hence K X-ray
vields will not be expected. And K X-ray yield in <110> axis channeling
will be decrease. The present observation might be an evidence of this
speculation. As He+ bombardments, P atoms mcove through the crystal lattice

According to the theoretical calculation for the 1.7 Mev He' ion
irradiation of total amount of 1.27 x 1018 ion/cmz, the dpa at the surface
is 0.91 and the maximum dpa is 35 at a depth of 2.6 um (near He range). In
the 0.8 Mev He+ ion irradiation of the amount of 2.0 x 10*% ion/cm®, the
3)

surface dpa is 0.02 and the maximum dpa is 0.47 at a depth of 1.3 um As

an X-ray excitation cross section strongly depends on the He+ ion energy,
the 1.7 MeV He+ ion induced X-ray vields will be insensitive to damages at
a depth of 2.6 pm where the dpa value is very high. The larger decrease of
2y value after C.8MeVv He+ ion iradiation may be due to damages produced by
the He irradiation at a depth of 1.3 um.

It should be noticed that the X-ray vields increase especially in Ni
and Si which have been pointed out to be the atoms which tend to show
radiation induced segregation. Decrease of K X-ray yield of P atoms

suggests that P atoms displace from initial lattice location site.
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2.3 PERTURRED ANGULAR CORRELATION MEASUREMENT USING
P&-100/Rh-100 NUCLEAR PROBES

Hiroshi NARAMOTO, Yukio KAZUMATA, Masumi OHSHIMA,
Masao SATAXA, Kivoshi KAWATSURA, Yohta NAKAT,
Sadae YAMAGUCHI*, Shinji NAGATA* and Yutaka FUJINO*%

Department of Physics, JAERI, *Institute for Materials
Research., Tohoku University, **Faculty of Engineering,

Tohoku University

1.Intreduction

In the course of materials analvsis, the interaction of energetic ions
with atoms in solids gives us fruitful information about the microstructure

1)

of atomic arrangement. The ion beam analysis using such as Rutherford
hackscattering, nuclear reactions and inner-shell excitation combined with
channeling can locate the the relevant atoms in the real space, crystallo-
graphically. The information obtained is direct and the elaborate process
for data-handling is not necessary. But the results are the averaged ones
in their nature, and it is difficult to extract the information about the
distribution of the occupation of the relevant atoms. The specroscopic
analysis is the counter part of the ion beam analysis mentioned above.

Since the finding of the alloy-effect on the lattice location of deu-

terium atoms in the bcc niobium crystal lattice using the ion beam analysis
2)

i

like Mossbauer spectroscopy and time differrential perturbed angular cor-

we have developed the measurement system for the spectroscopic analysis

relation measurement (TDPAC). For the study about the alloy effect, are
chosen the two kinds of unstable nuclear probes such as Pd-100/Rh-100 and
In-111/Cd-111 which are expected to be smaller and larger in the atomic
radii compared with niobium atoms, respectively. Here in this report, the

recent development of the system for TDPAC measurement is described.

2.Recoil implantation procedure

In this study, we started with the TDPAC measurement using pPd-100/
Rh-100 nuclei. These nuclei were introduced into various kinds of samples
through recoil implantation after nuclear fusion reaction between incident
100 MeV C-12 ions and Nb-93 atoms in the thin foil target. Judging from the

excitation functionm and the recoil energy, Nb foils with 4 micron thickness
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were prepared and the best efficiency of recoil implantation was assured.

Nb samples implanted at high and low temperature were prepared for a com-
pariscon of irradiation-induced effect. We used 0.5~1.0 gzA of 100 MeV C6+
1on beam, and the ion beam was scanned two-dimensicnally in the case of re-
coil implantation inte the specimens with low melting point even if the
substrate of specimens was cooled down to abcut 120 X. The reasonable
radicactivity of probe nuclei was obtained after 12 hour irradiation.
During the irradiation, the two-dimensional temperature distribution was
measured under the in-beam condition using the detecting system of infrared

light emission.

3.Experimental procedure and results

The 84-75 keV{gamma-gamma)casdade in Rh-100 is ones of the favourable
examples for TDPAC measurement. The intermediate state at 75 keV, with a
half life of 215 nsec, magnetic moment(u):+4.324(8)3) and the quadrupcle
moment(Q):O.OTB(EO)b4) make Rh-1080 an excellent probe for the study of
magnectic and eiectric quadrupcle interactions even in the materials system
such as metal hydrides and eoxide superconductors. TDFAC measurement 1s per-
formed using four ¥Nal detectors arranged perpendicularly with each other,
where the coincidence procedure is controled by a persocnal computer, and
the gated spectra are cbtained directly. 6 gated time spectra are recorded
simultaneously, and about 30 hour measurement 1s necessary for the goed
statistics.

In the induced gamma-ray spectrum from Nb foil irradiated with 100 MeV
C~12 ions, most of the photo peaks can be attributed to cnly the decay of
Pd-100/Rh-100 probe nuclei, and no interference effect is found in the
spectrum. Fig. 1 shows the induced gamma-ray spectrum measured with ger-
manium detector. In the case of receil implantation into vttrium oxide
superconductors, the radicactive nuclei induced through the nuclear reac-
tions of compenent nuclei with incident carbon ions form the photo peaks
arcund the 75-84 gamma-ray cascade, and this technique is not applicable to
such multi-component system with larger atomic number.

Fig. 2 shows the R{t) spectrum obtained from the Nb sample irradiated
at high temperature(estimated to be more than 800 K). R(t) is calculated
through the relation of ((n(z.t) n(xz2,t))/(n{z, t)+n(z/2.t))) to eliminate
the component of exponential decay where (n{z.t) and n(zs2.t) are gamma-ray
time spectra taken at z and g2 arrangement, respectively. In this figure,

the existence of any pertubed effect is not observed. This result assures
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the substitutional replacement of prcbe nuclei in bec Nb crystal lattice
after annealing the irradiation-induced defects. Some perturbations are ob-
served in the sampleswhich were irradiated with He and H lons after the
introducticn of probe nuclei.

I1f we employ a sample with smaller atomic number, the recoil implan-
tation is successful. Fig.3 shows the precession spectrum from reccil im-
planted Be foil. Huge oscillation 1s observed with the cycle of about 3.2

MHz. This large pertubation can be attributed to the probe nuclei embed In

the non-cubic hexagonal crystal lattice of Be sample.
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2.4 ICNIZATION MEASUREMENT IN A GAS TRAVERSED
BY A BEAM OF HIGH-ENERGY HEAVY ION

Xatsutoshi FURUKAWA, Shin-ichi OHKO,
Yoshinide KCMAKI, Hideki NAMBA*, Yasushi AOKT*,
Yohta NAKAT**

Department of Chemistry, ¥*Department of
Research, ¥*Department of Physics, JAERI

1. Introduction

Information on the 4track structure of high-energy heavy lon is
needed to understand the relation between physical quantities and cobserved
radiaticon effects on matter1). The initial energy depecsited is composed of
two parts: a "core" which is formed along the incident ion track and =a
much more diffuse "psnumbra" which is the results cf many secondary elsc-
trons emitted by the incident ion, Here, we aim at experimental neasure-
ments of the W—value of Ar gas for heavy-icn of the energy range 108-150
MeV from the JAERI Tandem accelerator.

The method employs & large cylindrical ionization chamber filled
with a gas at variable low pressure. 4 collimated beam of the incident
heavy ion is introduced into the ionization chamber, and from the result-
ing ionization current in the chamber, we may get information on the
energy deposit around the incident ion track. The method is based in prin-

ciple on the work reported by Wingate and Baqu).

2. Experimental

A schematic view of the ionization chamber used in the present work
is shown in Fig. 1. It is placed inside the vacuum vessel into which the
collimated beam of high-energy heavy ion from the Tandem accelerator 1is
introduced through a set of apertures ( 0.1 and 0.5 mm diameters ). These
apertures also serve as & differentially evacuating system for the Dbean
transport tube ( 10~7 Torr ) while the chamber contains a gas abt atmos-
pheric pressure. The position of the two apertures are adjustable in three
dimensions by the remote controlling system. The sample gas 1s edmitted
into the vessel through an automatically controlled leak valve ( MKS 2484
) so that the pressure of the sample gas in the chamber may be kept

constant within the range from 107% 4o 102 Torr. The pressure is measured
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Fig. 1 Schematic diagram of the ionization chamber

with a Baratron capacitance manometer { 310C4 ).

The intensity and energy of the ion beam from the accelsrator was
adjusted in some measurements by using Al foils of various thickness
placed in front of the aperture system. The energy of the ion is decreased
by letting the ion-beam transmitted the ALl feil by an amount which can be
estimated from data on stepping cross sections. The number of the high-
energy ion incident into the ionization chamber was determined by counting
electric pulses. FBither the electrons or ions produced by an Incident
high-energy ion are éollected without any amplification with the aid of an
appropriate applied electric field, forming an electric pulse on the
collecting electrode in the chamber.

The +typical shape of the
pulse is shown in Fig. 2. The
pulse width is nearly 2 |usec.

The number of the incident ions
entering the cylindrical cham-
ber was kept less +than 107

particles per second to aveid e

"pileup”. The ionization cur-

rents were measured with an Fig. 2 An electric pulse formed by an

.. . oL
electrometer { ALVANTEST 8652). incident ion (120MeV 17 ) in the
ionization chamber filled with an Ar
3, Regults and discussion gas (10 Torr)
1) Saturation charactristics

s10% jons entering the chanber

The saturation curves for the 165 MeV
containing Ar gas at various pressures are shown in Fig. 3. The saturation

currents obtained at the gas pressure of 50 and 100 Torr are nearly the
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Fig. 3 Saturation curve obtained with 165 MeV S?O+ in Ar gas

same value, indicating that the incident ions from the accelerator are
completely stopped within the icnization chamber. This hag been confirmed
by the expected ion ranges calculated from mean ion depth dataB)u

2} W-value

W-value is the mean energy required to create an ion-electron pair
when an incident ion is stopped in the gas. Thus, 1f ¥ ions of energy E
lose all their energy in the gas and produce ionization current L then W
is piven by
W=ENe /I (13

where e is the elesctronic charge.

W-value which have been determined in the present experiment using

equation (1) are listed in the Table 1.

Table 1 W-value determined in the present experiment

| Ion| Energy Rate of Tonization | Ton pair W-value
incident ions current yield
MeV /s ni 108
519t | 23.1 110 0.016 0.91 25.4
510 86.7 1.5x10% 8.64 3.6 | 24,1

The intensity and energy of s19% j6n beam was adjusted by using an
Al foil of 25 um or 41 um thickness. The resulting energy of the dion
passing through the foil was calculated f{rom data on stopping cross sec—
tionA),

The W-values for Ar gas thus obtained and including the previously
reported ones are shown in Fig. 4 as a function of the incident ion ener-
gy. The results indicate that W-value is clearly dependent on the energy

of the incident ion.
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Fig. 4 W-values for incident ions in Ar gas

It 1s generally considered that, for the heavy incident ion, the
fraction of the energy transferred to kinetic energy of gas atom due to
nuclear collision becomes rather large at low energies, producing a corrs-
sponding increase in W-value.

Our present results will show that W-value for the heavy ion such as

g10+ up to several tens MeV is still dependent on the energy.

We thanic Mr. T. Yoshida for his technical advice in comstructing the

differential pumping system.
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2.5 HEAVY ICN IRRADTATION INDUCED RADICALS IN POLYVINYLIDENE
FLUORIDE

Yoshihide XOMAKI, Niro ISHIKAWA®, Tsutomu SAKURAI , Norio
MORISHITA ", Naohiro HATAKAWA', and Saburc TAKAMURA™

1v‘Depa;r'trmant of Chemistry,**Takasaki Radiation Research

Establishment, andﬁ*%Department of Physics, JAERI

1. Introduction

In this paper, are presented the measurement of radicals and the ex-
amination of the kinds of radicals when polyvinylidene fluoride(PVDF} were
irradiated by the heavy ions, &and the influence for emsrgence of eiched
tracks in relation to the radicals induced.

Hitherto many workers have studied the radiation damage of
polyethylene, polypropylene, polyvinyl chloride, and PVDF subjected to
Y-ray and electron irradiations by means of wvarious analytical techniques.
There have been only a few works on ESR spectroscepy of heavy ilon ir-
radiated polymers, besides for ¥Y-ray and electron irradiation1)n

Authorsz) have prepared the microfilter of PVDF by heavy ion bombard-
ment and chemical etching, and indicated that track hecles were not neces-
sarily formed by any etchants. The dependency of energy and mass of ion
for the etching development of tracks leads to the examination of radiaticn
induced radicals in a polymer.

We here present the ESR spectra of PVDF films subjected to bombard-

ment of ssveral ionms at high energy using Tekamura's cryostat and discuss

the relation to the track revelation.

2. Experimental

The bilaxially stretched arnd the menocaxislly stretched PVDF films were
irradiated separately with 12C°T(90 MeV), 32C10%(70 Mev), 35c19t(150 Mev),
and 77Br'1*(160 MeV) at JAERI tandem accelerator. The several pieces of
sample(2.5mmx35mm)were cooled at 5.7K indirectly and exposed to the
komogeneously spread beam of icns in a constant current of 2 nA up to ac-
cumulate totally 1Og—“l012101':Ls/c:r112.a The doses for ions were calculated on
the stopping powers which were obtained from Northeliffe and Schilling's
table and the ion fluence, and the doses for f-ray from Alanin dosimeter.

JES-FE3X spectrometer was used for FESR spectroscopy at 77K to 293K.
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3. Hesults and discussion
(1) Effect of ions

Three kinds of ESR spectra of PVDF obtained by /7Br ' *(a), 3°c19%(),
1205+(C) show no intrinsic difference between them as shown in Fig. 1.
The tracks by the former two ilcons were etched to develop but the ones by
the latter ion not etched.

(2) Effcet of dose
The dose ranging from 107 o 1011ions/cm2 was best suitable for the

measurement of PVDF by ESR spectroscopy, when the overlapping split signals
having large wings were symmetrically observed. The higher dcse yields
only a singlet which is assipned to the polyenyl radical.

(3) Effect of elapsed time and increasing temperature

The radical shows no changes with the elapsed +time at low
temperature, but changes with the increasing tenmperature. The radicals
produced by ion irradiatien decay quickly in a short time. They decay to
a level of 50% or less within a few minutes and thereafter rather slowly.
After 50 hr at room temperature these radicals remain only a central peak,
as shown in B of Fig. 2. Such a singlet changes to the peroxy radical
which shows asymmetrical seignals in ESRE spectrum. The residual radicals
induced by 1265% raded after only 30 min as shown in B of Fig. 2, of which
the decay rate is faster than the ones by TI98e 11 ana 2502%%, The 4if-
ference of such a decay behavior between them may be related to track
etchability.

(4) Xinds of radicals:

In Fig. 4 A-1 to A-3 are ESR spectra of PVDF irradiated by -°01%" ang
measured in paralell %to magnetic field ;and B-1 and B-2 are those measured
rectangurly. In order to know the changes of radicals with the increasing
temperature, moncaxially stretched PVDF films were used. The split peaks
to sextet or more are detected in A-2 and B-1 of Fig. 4 after over 30 min.
at room temperature. From the distinct anisotropy and the formation of
peroxy radicals shown in A-3 amd B-2 of Fig. 4, it seems most reasonable to
consider the existence of alkyl radicals. McBl et 31.3) proposed an allyl
radical for such a complex split signal. The complex split signals of
sheri-life change inte a singlet at the center of spectrum. This is also
assigned to the polyenyl radical of conjugated double bonds. The radicals
finally change into the peroxy radicais.

(5) Amount of radieal
Table 7 shows the amounts of radicals produced by the ¢, the Cl, and
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the Br ion irradiations under some different circumstances. The radicals
yield in propertion tec the fluence of ions. Bombarding lons with the same
nass, 35¢19% produced more radicals than 35016+. 79511 yith the highest
nass yieided the most radicals . -°C19F gave 4.6 times more radicals per
fluence of lons than 1205+, 12657 41d not achieved any etched tracks, al-
though 1205% yith almost same charge as 35016+ yields more radicals than
35016+. These facts suggest that the track etchability in a polymer may

be controlled by changing the mass and the charge state of lon.
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Table 1 Amounts of Radicals.

lons
35| 9+ 35( | 6+ 12054 79gp11+
fiux of ions iens/cn® 4.2x10%9 | 1.1x100 0 [ 5.7x10%T | 971649 | 2.3x101* | 7.4x101°
energy Me¥ 150 70 a0 160
dE/dx MeV/(mg/cm?) 6 22 1.9 50
total radicals spins/g 3.7%10%8 | 5.7x101% | 5.4x10% | 1.4x10'® | 3.7%10'¥ | §.9x10'%®
sping 4.4x10% | 7.5x10% | 8.1x10* | 1.2x10% | 1.4x105% | 2.0x108
radicals/ion
ion mean: 6.0x10% mean: 1.3x10%
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3.1 TON CONDUCTIVITY OF LITHIUM OXIDE IRRADIATED WITH CXYGEN
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*
Xenji NODA, Yoshinobu ISHIT, Hisayuki MATSUIL ,
* * .. L * . *
Mikio HORIKI , Keniji Nakaya , Koujl Nezakil , Naomi OBATA

and Hitoshi WATANABE

*
Department cf Fuels and Materials Research, JAERI, Faculty

of Engineering, Nagovya University

1. Introduction

Lithium oxide (Lizo) as a solid breeder material for fusion reactors
will be subjected to severe neutron irradiation. During the irradiation a
large number of irradiation defects will be introduced. Such defects in-
duce not only degradation of dimension stability (for instance; swelling
and cracking) but also change of various properties such as diffusion.

Ton conductivity of Lis0 is controlled by lattice defects including
irradiation defects and impurities, and reflects diffusion of lithium
ione. Furthermore, the conductivity would be related to the tritium dif-
fusion behavicr through lithium jon diffusion, since the rate determinant
for the mechanism of tritium diffusion is considered to be the same as

that of lithium ion diffusionl'z).

In the present study, irradiation effects on ion conductivity of Lizo
were investigated by in-situ experiments using oxygen or lithium ion ir-
radiation, in order to obtain information of irradiation defects and ir-

radiation effects on transport phenomena of lithium and fritium.

2. Experimental

The specimens used were thin plates of Li2O single crystals (7 to ©
mm in length, 8 to 2 mm in width, 0.35 to 0.38 mm in thickness). The
specimens were irradiated at each prescribed temperature (in the range 393
to 593 K) for each irradiation series in an irradiation vacuum chamber at-—
tached to a tandem accelerator at JAERI with 120 MeV oxygen ions, 24 MeV
lithium ions and 60 MeV lithium ions. Measurements of ion conductivity of
the specimens along the direction perpendicular to the thickness were
carried out "in-situ" at the temperatures same as the irradiation tempera-

ture for each irradiation series in the chamber with the two terminal AC




JAERI-M 89-11¢9

method using a HP 4194 A impedance analyzer after interruption the ir-

radiaticn.

3. Results and Discussion

Figures 1, 2 and 2 show relationships between the icn conductivity
after interrupting the irradiation and oxygen or lithium ion fluence at
various temperatures for 120 MeV oxygen ion irradiation, 24 MeV lithium
ion irradiation and 60 Mev lithium ion irradiation, respectively. For the
120 MeV oxygen ion irradiation, the conductivity increased with the
fluence at 393 K and 413 K, while the conductivity decreased at 453 K and
493 ¥, (Fig. 1) 1In case of the 24 MeV lithium ion irradiation, the con-
ductivity increased with the fluence at 413 K and decreased in the range
from 453 ¥ to 5732 K. (Fig. 2) For the %0 MeV lithium ion irradiation, the
conductivity decreased with the fluence in the range from 443 K to 343 K
and increased at 593 K. (Fig. 3)

From these, the irradiation effects on the ion conductivity of Li20
in the present results are seen to be as follows, 1) The irradiaticn ef-
fects due to the lithium ion irradiation were essentially the same as
those due to the oxygen ion irradiation. 2) The conductivity in the range
from 393 K to 413 K increased with the fluence, while it decreased in the
range from 443 XK to 573 K. 3) At 593 K the conductivity increased with
the fluence again.

The ion conductivity of LiZO irradiated at an ambienf temperature in
the irradiation chamber with 120 MeV oxygen ions has been measured around
440 X and 490 K after interruption the irradiation2'3). In the studies,
the conductivity around 440 K increasaed with the fluence and decrsased
arcund 490 X, From the thermal recovery behavior of the conductivity, the
decrease around 490 K was attributed to F' centers which were almost
recovered above 573 K3'4). On the other hand, the increase around 440 K
was referred to irradiation defects, which were recovered in the ranges
from 443 X to 498 K and were assumed to increase concentration of lithium
ion vacanciesz). '

The fluence dependence of the ion conductivity in the present study is
somewhat different from the results of the above menticned studies in
respect of the temperature range. However, the irradiation effects on the
conductivity in the present study can be considered to be consistent with

those in the above mentioned studies by taking temperature rise in the ir-
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radiated region due to the icon beam heating during the irradiation in the
present study, except the 24 MeV lithium icon irradiation. (In case of the
24 MeV lithium ion irradiation the beam current was very small.} The in-
crease at 443 K in the 60 MeV lithium ion irradiation is considered to
arise from recovery of the defects, which are assumed to increase con-
centration of iithium ion vacancies, by the beam heating., In contrast
with this, the rt centers were hardly recovered even at 573 K in case of
the 24 MeV lithium icn irradiation, since the temperature rise due to the
beam heating was negligibly small.

Thus, the irradiation effects on ion conductivity of Li20 are con-—
sidered to be.as follows. 1) The conductivity in the range from 223 K to
440 K is increased with the fluence by the irradiation defects which are
assumed to increase concentration of the lithium ion vacancies., 2) The
conductivity in the range from 453 K to 573 K is decreased by the Fr cen—
ters. 3) The increases of conductivity which is attributed to recovery of
the ' centers is observed above 573 K.

The ion conductivity of Lizo reflects lithium ion diffusion and is
controlled by mobility and concentration of lithium ion vacancies in the
examined temperature rangez). Furthermore, the conductivity can be sup-
posed to be related to tritium diffusion, since the rate determinant of
tritium diffusion seems to be the same as that of lithium icn
diffusionl’Z). Consequently, it is considered that the lithium jon and
tritium diffusion in the range from 393 K to 440 K are increased by the
defects which are assumed to increase concentration of lithium ion

vacancies, and that they in the range from 453 K to 573 K are decreased by

+
the F  centers.
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3.2 SWELLING OF LITHIUM OXIDE IRRADTATED WITH HIGH ENERGETIC

LITHIUM IONS

Yoshincbu ISHII, Kendi NCDA and Hitoshi WATANABE

Department of Fuels and Materials Research, JAERT

1. Introduction

Lithium oxide { Li,0 ) is a prime candidate material of the blanket
for a fusion reactor, because of excellence for a tritium breeding.
During operation of the fusion reactor, a lot of defects will be intro-
duced in the lithium oxide by the energetic particles ( neutrons,
tritons and helium ions ) and then will induce swelling and cracking,
These phenomena are very important for the integrity of lithium oxide.
Ion irradiations have been used as a means of simulating the irradiation
effects for the fusion reactor materials, because many defects can be
introduced in the material for a short time. The swelling of Li2O sin—
tered pellets was measured after high dose lrradiation at high tempera-
ture and it was concluded to be mainly associated with helium
bubblesl). The lattice parameter measurement of L120 sintered pellets
irradiated to thermal neutrons was reportedZ). At a fluence of 2x1023
thermal neutron/m2 the lattice was expanded by C.15%. This lattice ex-
pansioh was concluded to be mainly associated with irradiation defects.
To get the information for the swelling associated with only displace-
ment damages except helium bubbles, wvolume change of Li,0 irradiated
with high energetic lithium ions was measured by using a photoelastic

technique.,

2. Experimental

The specimens used were thin rectangular plate of LiZO single crys-
tals. The dimensions and the orientations of the specimen are shown in
Fig.l(a). The specimens were annealed at about 1300 K in high vacuum ( 1
x 1072 Pa) for about ten hours to remove the surface damages due to the
cutting and decompose the LiOH on the surface. After these treatment,
the specimen was mounted on a circular polarimeter which was egquipped in

a high wvacuum chamber, One half of the specimen was irradiated with
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lithium ions { &0MeV ) along z axis by using a tandem accelerator at
JAERI, By such irradiation the irradiated part of the specimen expands,
but unirradiated part remains unchanged. Then a strain field is induced
in the specimen. The profile of the strain is schematically illustrated
in Fig.l(b) as a function of the distance from the boundary between an
irradiated and unirradiated part. From the photoelastic measurement of
this strain, the volume change of irradiated L120 can be determined. The
detail for the photoelastic measurement of the induced strain has been

described elsewhere3).

The measurement of the volume expansion of a specimen was intermit-
tently carried out after interrupting the irradiation. all measurements
of the volume expansion were done at room temperature. After the ir-
radiation, the specimen was iscochronally annealed in the temperaturs

range from 300 to 870K by holding 30 min. at each temperature.

3, Results and discussion

The penetration depth of Li ions (60 MeV ) for the Li,0 was calcu-
lated by using E-DEP-1 computer code and it is about 400.um. Because the
thickness of the specimen is very thin, the bombarded ions ( Li ion )
completely pass through the specimen and induce the defects uniformly
zlong z axis in the irradiated part. The typical strain profile cof the
LiZO irradiated with Li ions at 2.1x1019 ions/m2 shows 1in Fig.2 as a
functicn of the distance from the boundary between the irradiated and
unirradiated part. Longitudinal axis indicates the rotation angle which
is directly proportional to the induced strain. The broken lines in
Fig.2 indicate the edges of the specimen. The profile of the induced
strain in the specimen is good agreement with the theoretical curve {
Fig.1l (b} ). The fractional volume change was calculated with the same
manner as described in previous reportB).

2 fluence dependency of the fractional volume of irradiated L120 are
shown in Fig,3. The longitudinal axis and the transverse axis show the
fractional volume and the ion fluence, respectively, The fractional

volume increases rapidly with the ion fluence up to 3x1019. The value of

4

fractional volume of about 7.6x10 * is attained at the ion fluence of

20

1.3x10 ions/mz. A broken line in Fig.3 shows increasing rate of the

fractional volume at the fluence of zero. The experimental curve
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deviates from this line with increasing of ion fluence, It is seen that
induced defects are segregated to form the clusters and annihilated by
recombination between interstitials and vacancies.

The recovery of induced volume of the specimen irradiated to
1.34x1020 ions/m2 during isochronal annealing is sheown in Fig.4. The twe
recovery stages are observed in this figure. The first and the second
stage take the temperature range from 350 to &00K and from 630 to 870K,
respectively. At the first stage, the beginning temperature of recover-
ing i1s lower than that of recovering of the F'-centers determined by the
ESR and optical absorption experiments4). Therefore, recovery in this
stage is associated with not only F+centers but also an another kind of
defect i.e, "unspecified defect". This fact is supported by the anneal-
ing experiments of the irradiated Li,O by electrical conductivity
measurementsS). An amount of 20% of the induced volume change still
remain even at the annealing temperature of 870K,

To clarify the mechanism and the fluence dependency of swelling for
the irradiated Li,O, the fundamental constants such as the displacement
cross section, the recombination volume are reguired, To get informa-
tions about the concentration of F'-center and Li metal colloid and the

volume change due to each of them, The o©ptical absorpticon measurements

cf the irradiated Li,0 are currently carried out.
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3.3 DAMAGE STRUCTURE OBTAINED BY CROSS-SECTIONAL OBSERVATTON
IN He-ION TRRADIATED $:C

Yoshio KATANO, Shigeki KASAHARA*, Kiyotomo NAKATA* and
Hideo QHNO

Department of Fuels and Materials Research, JAERI,
* Hitachi Research Laboratory, Hitach:i Ltd.

1. Introduction

Silicon carbide, SiC, is one of the candidate materials for near-
first wall structural applications in fusion reactors ' %, When ceramics
are irradiated with 14 MeV neutrons, a large amount of transmutation-
induced'gas such as He and H are produced in the materials, and the gas
atoms worsen radiation damage effects ).

In this work, the damage structure after He ion-irradiation in a hot-
pressed S$iC is studied by cross-sectional observation to clarify the

effects of He atoms in radiaticn damage.

2. Experimental procedure

A material used in this study was hot-pressed SiC with addition of Z
wt% BeO as binder; grain size was 3-5 pm in diamater. Samples of about
5% 8x0.2 mm® were annealed in air at about 1273 X for 1 h prior to ion-
irradiations. The He-ion irradiation was carried out by using a W-2 beam
line in the 2 MY Van de Graaff jon accelerator facility; schematic diagram
of the beam line is shown in Fig. 1.

The surfaces of several samples were i

2 MY Accelerarar

set exactly in perpendicular to the

Fogys cofl

ion beam by using the sample holder

) i . 0
in the target chamber,and irradiated = i
gnrmen
1 ] it Vartical & Horizantal
with 400 keV He 1ons up to a dose of ’“2 ZEE
huttar
20 1 2 valve
1x10 ions/m? at temperatures of e o —. Target raom

300 and 1023 K. The arrangement of  so’amlysing 2
]

t
magnet Begm prafile

/. maniter
Farooay @up
Sample hoider

samples is illustrated in Fig. 2.

. . . [
The irradiation temperature was 2 .
Shielding wail ] Tarqer champe

measured with a thermo-couple at- Ve ezrez sl

Camputer
Monitor
window

tached to a side of the sample.

[npeaance anolyzer &

after irradiation, ion-irradi- Power conirolec
ated surfaces of two samples were Fig.] W-2 beam line in the 2 MV van de
pasted together, and then, the area Graaff ion accelerator facility.
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containing damaged regions was cut
into a disk,3 mm in diameter,as also
shown in Fig. 2. Foils for observa-
tion in a 200 keV transmission
electron microscope(TEM) were made
from the disks by a ball-milling and
ion-sputtering with 3 keV Ar ilons at

room temperature.

3. Results and discussien
The damage and the injected He-

ion profile calculated wusing a
modified EDEP-1 (EDEP-81) code %
are shown in Fig. 3 for the irradi-
ation condition in this study. The
damage has a steep distribution in
depth with a maximum; the damge peak
and straggling are 1.18 um in depth
and 0.28 ypm, respectively. The
distribution of injected He ions is
maximized at 1.25 pm in depth.

The damage structure, observed
in the direction cf depth from the
i1on-bombarded surface, is shown in
Fig. & for the sample He-irradiated

400keV He ions
4

A

500nm

89-119

Pasied
i
mﬁ Cutting
=
7 v
IoNS _
4 Oomaged  — qp - lon
yd region sputtering

Fig.2 Arrangsment of the samples and
TEM disk preparation procedure.

[— He ion {400keV) — SiC

{EDEP-81) Injected
jons

unit

Arbitrary

C 05 1.0 15
Depth{ xzm)

Flg.3 Calculated damage and injected
ion depth profile

Ton InJecition

Fig.4 Damage structure in the direction of depth from the ion-bombared
curface after the irradiation to 1x10%° ions/m® at 1023 K. Dark-
field micrograph of high damaged region(right).
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to 1x102° jons/m? at 1023 XK. The damaged region with fairly large strain
field can be seen as & band, which 1s located between about 0.95 and
1.15 pm 1in depth from the 1on-bombarded surface. Both locp-shaped and
small dot defects are found in the damaged region. The damage distribu-
tion analyzed from the micrograph has a peak at 1.15 pm 1in depth, and a
half-value width of distribution is about C.1 pm. The experimental damage
peak depth 1s in a good agreement
with the calculated one, but the
half-value width obtained from the

experiment 1s narrower than that
predicted from the calculaticn.

A lot of cavities with

and curved lines shown in Fig.5. The
density of cavities increases with ;.
depth to 1.15 pm, while the size 1is
independent of depth from 0.95 to -+
1.15 pm. Preferential arrays of He
bubbles in the ¢ planes have beenff”
found in SiC irradiated with 10 keV

He idions at 1273 k% . From the -

result, the cavities found in this  Fig.5 Alined cavities in $iC He-irradiated
to 1x10%° jons/m? at 1023 K.

study are considered to be bubbles
S P 7 ¥

Ton inJection

Y

i R
Fig.56 Damage structure in $iC irradiated at 300 K.
of high damaged region(right}.

Dark-f1eld micrograph
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with a high density of He atoms, and the alined bubbles seem to be formed
on the ¢ planes and along radiation-induced dislocations.

In the sample irradiated at 300 X, three well defined layers appear
in the direction of depth from the ion-bombarded surface as shown in Fig.
6. Small defect clusters are observed as black dots in the layer from
surface to 1.1 pm in depth; the density of defect clusters increases
extremely over about 1.0 um in depth. The second layer between 1.1 and
1.25 pm is considered to be amorphous from the result of electron
diffraction analysis, and neither grain boundary and stacking fault exist-
ed before irradiation nor radiation-induced defects can be seen in the
layer. 1In the thin layer behind the amorphous zone, the defect clusters
are also observed. No cavities can be found in the layers. Since the
amorphous zone 1s found in the region with a higher concentration of He
atoms slightly behind the damage peak depth, the injected He atoms seem to

play an important role in the amorphization of 5iC crystal.

4. Summary

The microstructural change due to 400 keV He ion-irradiation at
temperatures of 300 and 10Z3 X has been investigated by cross-sectional
observation i1n SiC.
(1) The experimental damage peak depth from the ion bombarded surface is
in a good agreement with the calculated one.
(2) In the case of 1023 K irradiation vp to 1x10%° jons/m?, alined He
bubbles are formed on the ¢ planes and along radiation induced
dislocations.

(3) In the 30C K irradiation, the amorphous zone is formed slightly behind

the region of defect clusters produced.

References

1) For example; L. H. Rovner and G. R. Hopkins: Nucl. Tech. 29 (1976) 274.

2) F. W. Clinard,Jr., G. F. Hurley and R. W. Klaffky: Res. Mechanica, 8
(1983) 207. -

3) F. W. Clinard,Jr. and L. W. Hobbs: Physics of Radiation Effects in
Crystals, eds. R. A. Johnson and A. N. Orlov (North-Holland, Amsterdan,
1986) pp. 387.

4) T. Aruga: JAERI M 83-226 (1984) pp. 1; K. Nakata, S. Takamura, T. Aruga
and M. Kobiyama: J. Nucl. Mater. 157 (1988) 30%.

5) K. Hojou, S. Furumo, H. Otsu, K. Izui and T. Tsukamoto: J. Nucl. Mater.
155-157 (1988) 298.

6) K. Hojou and K. Izui: J. Nucl. Mater. 160 (1988) 147.

—104—



JAERI-M 89-119

3.4 ELECTRON MICROSCOPIC OBSERVATION OF LITHIUM ALUMINATE

TRRADIATED WITH OXYGEN IONS

&=
Kenji NODA, Yoshinobu ISHII, Kotaro KURCDA ,

* *
Masakatsu SASAKI , Hircyasu SAKA and Hitoshi WATANABE

*
Department cf Fuels and Materials Research, JAERI, Faculty

of Engineering, Nagoya University

Ceramic materials for nuclear energy application are subjected to
radiation such as neutrons etc. The radiation induces degradation cf the
dimensional stability and the functional performance. Researches of
radiation-resistance ceramic materials are very important to develop new
nuclear energy systems including fusion reactcrs and to improve the per-—
formance and reliability of current fission reactors.

In the present study irradiation damage of lithium aluminate (LiAlOz)
which is cne of lithium ceramic materials for breeder blanket of D-T fu-
sion reactors was investigated using oxygen ilon irradiation.

LiAlO, thin disks were obtained by cutting and lapping the sintered
pellets (bulk density; about 100 %)1) with a diamond cutter and emery
papers, respectively. The disks were thinned by icn=-peam milling, to make
specimens for transmission electron microscopic observation., The LiAlO,
specimens were irradiated by oxygen icns with an energy of 400 XeV using 2
MV VDG (Van de Graaff accelerator) at JAERI. Microstructures of unir-
radiated and irradiated specimens were observed with a 200 KV transmission
electron microscope.

an electron micrograph of dark field image and an electron diffrac-
tion pattern of an unirradiated LiAlC, specimen are shown in Fig. 1. As
seen in the electron micrograph, the unirradiated specimen consisted of
relatively large grain {(grain size; larger than several p). The electrcn
diffraction pattern with clear Kikuchi lines suggests that the crystal-
linity of the grain was fairly gocd.

Fig. 2 shows an electron micrograph of bright field image and an
electron diffraction pattern of LiAlO, specimens irradiated to 1.3X102l
ions/m2 py oxygen ions with an energy of 400 KeV. Remarkable change due
to the irradiation could not be found in the electron micrograph. It is,

however, observed in the electron diffraction pattern that diffused inten-
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slty maxima were superimposed on diffraction spots due to LiAlC, crystal.
This may suggest that small amounts of another phase such as LiAlSO8 were
formed or amorphization occurred very slightly. In contrast with this,
complete amorphization due to the irradiation was obkserved for SiC and
YBa,Cu,0,_ . irradiated to l.4XlO21 icns /m2 by nitrogen (400 KeV) or
oxygen (1 MeV} ionsz). In an optical absorption spectroscopic study of
LiAlOz, no prominent absorption band due to irradiation defects was found
for the sintered specimens irradiated to 1.4XlO21 icons /m2 by oxygen ions
with an energy of 1 MeV3). From these, LiA102 seems to be have con-

siderably high resistivity to irradiation damage.
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Fig.l An electron micrograph and an electron diffraction pattern of

unirradiated LiAlO2°

Fig.2 An electron micrograph and an electron diffraction pattern of LiAlQ,

21

irradiated to 1.3x10 ions/m2 by oxygen ions with an energy of 400 KeV,
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3.5 Dafect Producticn by Electron Excitation in FCC Metals

Irradiated with High Energy Heavy Ions

*
Akihiro IWASE, Tadao IWATA, Takeshi Nihira and

Shigemi Sasaki

*
Department of Physics, JAERI, Faculty of Engineering,

Ibaraki University

In previous papersl 3), we pointed out that the electron excitation by
high energy heavy ions could cause the radiation annealing (defect
annihilation during irradiation) in FCC metals with a strong electron-
phonon interaction. In this paper, we present the possibility of defect
production by electron exgitation in Ni and Cu. The experiment was
performed as follows; the thin foils of Ni and Cu about 0.2-0.25um thick
were irradiated with 84-126 MeV heavy ions. During the irradiations the
electrical resistivity change Ap was measured as a function of ion fluence.
The temperature of the specimens was held below 10 K during the
irradiaticns and resistivity measurements. The experimental results were
analyzed using a new model which describes the defect producticn and
radiation annealing of several types of defects, where the respective

defect concentration is expressed as a functicn of ion fluence. The detail

of the analysis will be published elsewhere3). Figures 1 and 2 show the
examples of damage production rate curves, where the damage production
rates in Ni and Cu are plofted on a log scale as a function of ion fluence.
The figures show that the damage production rate curves can be expressed as
the sum of 2 or 3 exponential functions of ion fluence. From the gradient
and the extrapolated value to ®=0 of each straight line, we can determine
the defect production cross secticon and the cross section of radiation
annealing for each type of defects, and the initial value of damage

producticon rate (dc/dd at $=0) gives the total defect producticn cross

section Osz. figure 3 shows the damage efficiency, which is defined by the

ratio of experimental defect production cross section OEXP to the

calculated one, is plotted as a function ¢f PKA median energy T1/2' for Ni

and Cu irradiated with 100 MeV ions. For comparison, the results for M
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MeV ion irradiations are also plotted. In the case of 1 MeV ion

irradiations, the dependence of the damage efficiency on Tl/2 is about the

same in Ni and Cu. This means that, for Nl MeV ion irradiations, the
elastic collisions dominate the defect production and radiation annealing
in Ni and Cu. On the other hand, the damage efficiency for V100 MeV ion
irradiated Cu is much larger than for ™1 MeV ion irradiation. This result
suggests that the high density electron excitation by ™00 MeV ions can
produce the lattice defects in Cu. The defect production by electron
excitation is expected alsc in Ni irradiated with M100 MeV ions. The

radiation annealing by electron excitation is, however, much larger in Ni

than in Cus). Therefore, We can hardly observe the enhancement of defect
production in Ni, ~and the cffective damage efficiency for MOC MeV ion

irradiated Ni is smaller than for Cu as can be seen in Fig. 3.
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3.6 A STUDY OF X-RAY DIFFRACTION ON ICN IRRADIATED GaAs
CRYSTALS

Hiroshi MAETA, Katsuji HARUNAY, Kazutosi OHASHI,
Takuro KOIKE% and Fumihisa ONO%*

Department of Physics, JAERI, *Faculty of Engineering,
Tamagawa University, *¥Ccllege of Liberal Arts and

Sciences, Okayama University

1. Introduction

Irradiation of materials with energetic ions produces displacement
cascade containing high Tocal concentrations of vacancy-interstitial pairs,
and at an elevated temperature these vacancies and interstitials aggregate
to form clusters such as dislocation Toops, stacking fault, tetrahedra, or
voids, Investigations of these cascades and their thermal annealing
process by transmission electron microscopy and field ion microscopy have
provided a considerable amount of information . However, additional
quantitative information regarding cascade sizes, morphologies, internal
defect densities, and thermal evolution is need for further understanding
of the physics of defect production and defect interaction. Usually, the
energetic jon irradiation makes an inhomogeneous damaged region within the
penetration range. This effect makes it difficult to analyze the data so
far cbtained by various experimentis. Therefcre, it is needed to develop

the ion irradiation technique to get an uniformly damaged region[1,2].

In this work, we have explored an irradiation technique to make an
uniformly damaged region varying the ion energy. The damaged area in a
GaAs specimen was investigated by X-ray diffraction measurements, and the
applicability of this technique for study of radiation effects s

discussed.

?2. Experimental Procedures

GaAs singie crystals with <111> orientation were irradiated at liquid
nitrogen temperature with He ion using 2MV VdG Accelerator. The specimens
were irradiated in non channeling direction with ions of energy from 0.25

to 1.5 MeV, The fluences at tha various energies were chosen by fitting
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EDEPT damage energy calculations to obtain a constant number of the defects
produced by the He ion as a function of depth in the crystal. Fig. 1
shows the caiculated number of the defect to be dpa = 0.007 fer the He {fon
irradiation using 74 energy steps of icns (0.25, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9, 1.7, 1.2, 1.3, 1.4, 1.5 MeV), Total dose is correspond to 5 x
107dion5/cm2. After the irradiation the specimens were warmed up tc rcom
temperature, Then, x-ray measurements were carried out. By using a CuKy
beam through a fine slit of 0.2 mm in width, the measurements of the
lattice parameter were carried out by the Bond method in which two counters

were placed symmetrically.

3. Results and Discussion

Remarkable changes of diffraction profiles have been in the irradiated
GaAs specimen., An extra peak appeared after He ion irradiation, as seen in
Fig. 2. The additicnal peak is lccated on the Tower angle side of the Bragg
peaks . This peak comes from the irradiated region. It is due to the volume
expansion in the dirradiated regicn where the defects would cause increase
in the Tattice parameter,

The Tattice parameters by the Bond method are presented in table 1

together with the values of the lattice parameters in the opposite side of
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Fig 1. Damage profile for the He~icn irradiation of GaAs.
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the irradiated specimen and the unirradiated specimen. The fractional
change in the lattice parameter is found fo be Aa/ao = 3.4 x 1077 for the
damaged region. The values of the lattice parameters for the peak T which
come from the unirradiated region are in gocd agreement with that in the
opposite side of the irradiated specimen and nornirradiated specimens.
From this fact it is concluded that the slightly larger lattice parameter
of the peak 2 dis due to the the defects induced by ion-irradiation. We
have also measured the Tattice parameter of the irradiated specimen at the
(333) reflection . No splitting has been seen in this peak as shown in fig
2. We did obtain the value of the Tattice parameter to be 5.6550 A which
is in very good agreement with the value of the lattice parameter in the
irradiated region of the (444) reflection. This means that the Bragg peak
is reflected only on the irradiated region at the (333) reflection.

On the other hand, in LiF specimens which were bombarded with 165 MeV

c1+10 1073 2 at rcoem temperature, we found the Bragg peaks

ion to ion/cm
together with two peaks on lower side of the main Bragg peak. The lattice
parameters in the irradiated region were an expansicn Aa/ao =8 x 1074 for
the region near the surfece and Aa/ao = 2.4 x 1673 for the heavily damaged
region[3]. These two peaks come from the normally irradiated region and the
more heavily irradiated area where the defects were not produced uniformly
and profile of the reflection appeared as two peaks associated with the
main Bragg peak.

From the present experiment it is shown that the controlled ion energy
irradiation produces an uniformly irradiated region in near surface of
the specimen. This method is wuseful for the study of radiation damage
experiments.

A more detailed analysis of the present results and measurement of

the diffuse scattering are currently in progress.
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Table 1

The lattice parameters of GaAs single
side regions of the irradiated specimen

crystal drradiated and

unirradiated regions and opposite
by the He 1don at ligquid nitrogen temperature.

Peak 2 Peak 1 Opposite side Nonirradiated
damaged undamaged region of the specimen
region region irrad. specimen

lattice
parameter 5.6551 5.6535 5.6532 5.6533
( A)
pa/ag= 0.034 %
CuKa, GaAs (444 Gahs (333)
CUKG[
peck 2 peak |
z CuKa, >
— - CUKGZ
! i 1 ! ! ! [ | 1 ] | [
-04-02 0 02 04 Cs -02-0.1 0 0.1 0.2
w {degree) Aw (degree)
(26=141.0") (26=90.0°)

Fig. 2 X-ray profile of GaAs crystal after the irradiation with the He den

irradiation .
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3.7 PRECISE Y-RAY OBSERVATION OF Si SINGLE CRYSTALS
IRRADIATED WITH ENERGETIC HEAVY IONS (7)

Hiroshi TOMIMITSU
Department of Physies, JAERI

1.Introduction

From the conventional X-ray diffraction topographic cbservation on more
than 50 pieces of the Si single crystals irradisted with energetic heavy
ions, the present author has reported the following conclusions1’2):
1) In more than 50% of the specimen examined, macroscoplc deformation
through the crystal due to the ion-irradiation was recognized.

2) Almost all the specimens examined sustained heavy laitice-strains which
concentrated at the boundaries between the irradiated- and non-irradiated
areas.

3) Regularly arrayed systematic fringes were observed within the irradiated
area in more than 707 of the specimen. The origin of such interference
fringes seems to be caused by the inhomcgeneous distribution of the
prcjectile ions, just as assumed by Bonse, Hart and SchwuttkeB’A). It
would bte emphasized, however, that several of the specimens are not
applied in the case, and the results observed apparently contradict with
their assumption.

4) In more then 607 of the specimens examined, irregular contrasts were

observed within the irradiated ares, and they seemed to indicate the

disordered lattice caused by the ion-irradiation.

In order te reveil the origin of the interference fringes mentioned
above (3), so-called a double crystal X-ray diffraction method was applied
to those specimens, and preliminary results will be reported in the present

article.

2.BExperimental Procedure

The preparation of the Si wafers used in this experiment and the

procedures of the ion-irradiation of the wafers are reported in the Ref.4.
The experimental set-up of the X-ray double crystal diffraction methed

is shown in Fig.1. Here, the monochromator crystal{M) ig as perfect as the
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specimen crystal(S) before the ion-irradiation, when both of the reflecting
planes of M and 8 are the same to each other, the FWHM of the rocking curve
is very small, as shown in Fig,2-a, as an example. Therefore, one can
observe the crystal-imperfections with the angular resolution of about
0.5", which corresponds to the relative deviation of the erystal lattice

6

constant of about 10 .

3.Results
As the measurement has been just started, only very preliminary
results can be briefly reported;

1) The lattice constant is measured by the present double crystal
diffraction set-up. Fig.3 shows the exampie of the 333 peaks with +,+
reflection and +,- reflection, respectively. The lattice constant thus
measured agreed well with the known value,which showed the credibility of
the present method.
120+6 (

2) As for the specimen irradiated with 100MeV) ion with the dose of

around 3x1015ions/cm2, an example of the rocking curve of 333 reflection
in the transmittion case is shown in Fig.2-b, which shows much complicated
profile, compared with the original Si wafer without ion-irradiation(Fig.z2-

a2).
Further investigaticns are now in progress.

The author is much indebted ito Drs. Abe and Masui of Shinetsu-Handotal

Co. for their kind cffering him the Si wafers used in this experiment.
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Fig.2-a Rocking Curve of the
Standard Si Wafer without Ion-
Irradiation, the FWHM being about
2.6", by 333 Refletion in Bragg-
case with the 333 monochromator

reflecticn.

Fig.2-b An Example of the Rocking
Curve of a C-Irradiated Si Wafer,

by 333 Reflection in Bragg case.

Fig.3 Frofile with Very Wide Range Aﬁgular Scanning, Showing 2 Main Pezks
by Cu-K _,, Hadiation and 2 Smaller Peaks by Kd2’ Giving the Lattice

A1

Constan of Well~Known Value. 333 Reflections were used.
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3.8 Effect of 120 MeV l60 Ion Irradiation on Electronic
Properties of LaECuO4

*
Akihiroc IWASE, Noric MASAKI, Tadac IWATA and Takeshi NIHIRA

*
Department of Physics, JAERI, Faculty of Engineering,

Ibaraki University

Recently, there has been great interest in LaZCuO4 because this

material is the parent compound of the doped high-temperature

superconductors La2_x(Sr/Ba)XCuO, and exhibits both filamentary

superconductivity and antiferromagnetic transition. Concerning the

irradiation effect on the properties of La2CuO4, Yoshida and Atobe reported

that the superconducting transition was induced by neutron irradiation in

. , 1 .
the insulating L32Cuo4 ), and Groult et. al, reported that 2.9 GeV Kr icon

irradiation increased the transition temperature in La2CuO4 which showed

2)

the filamentary superconductivity,

16, . . .
In this paper, we present the effect of 120 MeV QO ion irradiaticn on

the electronic properties of La2CuO4. The samples used in the present

experiment were carefully prepared by the following two different methods
from agqueous solution of La- and Cu-nitrate in the appropriate ratio.
Method (A); the solutions were dried with an infrared lamp heater and were
washed with ethanol several times to remove completely all traces of water.
The well-mixed materials were calcined at 400° C for 2 hours in air .
Method (B} (precipitation methed); by adding an aqueous soluticn of oxalic
acid to the solutions, an intimate mixture of the corresponding oxalate was
formed. The resulting precipitated mixture was filtered and then the
precipitate was heated at 1000°% ¢ for 15 hours in air.

Electrical resistance measurements by four probe method were performed

using lmmx1.2mmx0.lmm LaZCuO4 ceramics which were prepared by sintering the

pressed powder at 950% C for 15 hours. Hereafter, the sample prepared by
method (A) is called sample (1) and those prepared by method (B} are called

sample (2} and (3).
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Figures 1 and 2 show the temperature dependence of the electrical
resistance for samples (1) and (3), respectively. The result for sample (2)
is about the same as for sample (3). At high temperature, the resistance of
every sample increases slowly with decreasing temperature and there is an
anomaly around 250 K which is caused by an antiferromagnetic transition. At
lower temperature, the resistance for sample (1) decreases steeply below
vd0 K with decreasing temperature. On the other hand, for samples (2) and
(3), though & small anomaly appears at "40 X, the resistance increases with

decreasing temperature even below 40 K. This difference at low temperature

will De due to the difference in the oxygen-defect concentrationB) which

depends on the method of sample preparstion. Samples (1), (2} and (3) were

irradiated with 120 MeV 160 ions &t 8 XK, 77 K and room tempefature,
respectively. During the irradiations the change in the electrical
resistance was measured as a function of ion fluence, As can be seen in
FPigs. 3 and 4, for samples {2) and {(3) the resistance increment by
irradiation tends tc saturate at higher ion fluence. On the cther hand, for
sample (1) which was irradiated at 8 K the resistance increases
exponentially with increasing the ion fluence.(See Figs. 5 and ©.)

Zfter the irradiaticns the electrical resistance were measured zs a
function of temperature from 4.2 X to 300 K. The results are shown in Figs,
1 and 2 for sample (1) and (3], respectively. The result for sample (2) is
about the same as for sample (3). The effect of C ion irradiation on the
temperature dependence of the electriczl resistance is as follows; the
anomaly arcund 230 K, which is due to the antiferrcmagnetic fransition,
disappears after the irradiation, and the small anomaly at 40 K zlsco

Cisappears in samples (2) and (3) after irradiaticn. Irradiation induced

. o _ ) 1-2
superconducting transition, which has been reported previously , wWas not

observed in the present experiment.
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3.9 EFFECTS OF He TON IRRADIATION ON SUPERCONDUCTIVITY
OF Bi-Sr-Ca-Cu-0 FILMS

Takeo ARUGA, Saburo TAKAMURA®, Talji HOSHIYA™
and Mamoru KOBIYAMA™

Department of Fuels and Materials Research, *Department
of Physics, 'Oarai Research Establishment, JAERI,

“‘paeulty of Engineering, Ibaraki University

Since the discovery of high temperature superconductivity in &
L,a-Ba-Cu-0 systeml) s many sbtudies of radiaticn effects on
superconducting properties of the La-Ba-Cu-0 and Y-Ba-Cu~0 systems have
been made. However, there have been few experiments studying the
radiation effects on & RBi-Sr-Ca-Cu-0 system. Matsui et a1.2) observed
a decrease in transition temperature Te(R=0) and an increase 1in normal
state resistivity in Bi-Sr-Ca-Cu-0 films implanted with 200 keV Ne lons
at room temperature. 1In this report, we describe the effects of helium
ion irradiation on the electrical superconducting behaviors 1in
Ri-Sr-Ca-Cu-0 films at room temperature and low temperature3).

Thin films of a Bi-Sr-Ca-Cu-0 system were prepared by magnetron
sputtering on Mg0 substrates. The films were subsequently heated at
1163 K. The thickness of the £ilms were about 0.2 pm. Electricsal
resistivity measurements were performed by the standard four-probe
method. The samples were irradiated with 400 keV le lons accelerated
by a Van de Graaf in JAERI in & vacuum chamber at a low current density
of 1 mAJmi. The sample holder was cooled by liguid nitrogen. The
temperatures of the sample during irradiation were either room
temperature or 85 K. Resistance-temperature (R-T) measurements down
+o 4.2 K were carried out in a helium atmosphere after removing the
sample from the holder. Since the ion range of 400 keV He ions in the
sample was predicted to be 1.1 um, which is five times larger than the
fiim thickness, no He atoms remained in the sample.

The R-T characteristics are shown in Fig. 1 for the sample which
was sequentially jrradiated by He ion fluences from 0 {no irradiation)
to 1.9x10‘?m9, as a maximum, at room temperature. The Tc(onset), defined

here as an intersection point of the two straight lines around the
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transition region, changed little from a fluence of ¢ %o 11107 ",
The Tc(R=0), Tc({midpoint) and Tec{onset) are plotted in Fig. 2 as a
function of the fluence, along with the resistivity at 130 K in the
normal state resistance region. As shown in the figure, both the Tc{R=0)
and the resistivity change, apart from +the linear change, with
increasing the fluence. The fact indicates that the radiation-induced
defects, which would be accumulated by the sequential irradiations,
begin to interfere with each other so as to accelerate the deterioration
of the superconductivity for the fluences in the present study. The
deviations from the linear change of Tc(R=0) or resistivity were reported
for Y-Ba-Cu-0 films irradiated at room temperature with varicus kinds
of ionsh).

Another sample was sequentially irradiated at 85 K with He ions
and the B-T characteristics is shown in Fig. 3. The resistivities at
130 K are shown in Fig. 2 as a function of the fluence. The irradiation
up to 2x10'% " induces a 70 % increase in the electrical resistance at
120 X, and the resistances no longer increase with raising temperatures
to 300 K. We observe that heating to 160 K when measuring resistances
induces fractional reduction of the resistances, as shown by the
differences between the solid curve {3) and dashed curve (4), below 160
X, in Fig. 3. Further annealing to 300 X during measurement of curve
(4) results in about 50 % reduction of the increased resistance at 130
K, as shown by the differences between curves (4) and (5). Mcreover,
the Te(R=C) is found to be depressed to 73 K, which is comparable to that
observed after the irradiation at the higher dose of I_IXIO]Q_/’m2 at room
temperature ( Fig. 1). After prolonged irradiation from 2 to 9
(x10'" m”") and subsequent heating to 320 X, the reduction of resistance
is observed, as shown in the two R-T curves of (6) and (7) in the figure.
The fractional reduction of the resistance at 130 K is 3% % of the
resistance increase, which is increased by the prolonged irradiation;
it is noted that the fraction is smaller than that observed at the first
annealing to 300 K after the irradiaticn to 2x10'® m". Furthermore, the
superconducting behavior disappears down to 4.2 K after irradiation to
QXIOQO2 at 85 X and subsequent annealing to 320 K. This fluence 1s less
than a half of the maximum fluence at room temperature irradiation,
where Tc(R=0) remains at 15 K. The lower temperature irradiation has

already been shown to require less ion fluence to destroy
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superconductivity than that at room temperature“), which 1is also
exhibited in the present study.

Irradiation-induced changes 1in Te{(R=0) and resistivity above
transition are considered toc depend on the displacement damage. The
present UC0 keV He ion irradiation to 1x10" m" is calculated to correspond
to 0.003 dpa of displacement damage, using an extended E-DEP-1 computer
code5), assuming the displacement threshold energy of 25 eV. The fluence
at the room temperature irradiation induces the reduction of 30 K for
Te (R=0) and 13 X for Tc{midpoint) (Fig. 1, 2). Then, the decrease rate
of Te, if expressed as an average displacement damage necessary to reduce
1 K of the Tc, is calculated to be 1x1C*dpa for Tc(R=0) and 2.3x107dpa
for Te{midpoint). Hereafter, the rate is depicted as IK/]XlO4dpa. This
value agrees with 1K£2x104dpa obtained based on the reported resultz)
of a 22 K decrease in Tec(R=0) for a Bi-Sr-Ca-Cu-0 film implanted
uniformly by 200 keV Ne ions to ax10'% m*. However, if compared with
the Tc decrease rates in irradiated Y-~Ba-Cu-0 systems, the Bi-Sr-Ca-Cu-0
system is more sensitive to radiation damages, e.g. less nuclear energy
depositions induce Tc decrease of 1 K; for example, in a Y-Ba-Cu-0
system, 1Kﬂf6—8ﬁx104dpa by Ar or Ne ion irradiations at room
temperature“). As for a displacement damage necessary to destroy the
superconductivity below 4.2 K, the present fluence for the 85 K
irradiation corresponds to 2.5x1077 dpa, which is smaller by about one
order than 4.4x107~ dpa calculated for the Bi-Sr-Ca-Cu-0 film 2) cited
above, or 3.5x107- dpa for a Y-Ba-Cu-0 film irradiated with Ne ions at

roon temperatureu).
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4.1 COMPLEX FRAGMENT EMISSION IN THE REACTION
STCl 4 GSZD

Yuichiro NAGAME, Hireshi IKEZOE", Tsutomu OHTSUKI™,
Sumiko BABA, Kentaro HATA, Toshiaki SEKINE and
Kazumi IDENO~

Department of Radicisotopes, *Department of Physics, JAERI,
“Department of Chemistry, Tokyo Metropelitan University

Statistical emissions of complex {ragments produced in the reaction **Cl + ®Zn have
been studied. In this report, we present the experimental results on the measurement of
kinetic energy, angular and charge distributions of complex fragments. The experimental
cross sections for the complex fragment formation are compared with those calculated
from a statistical model which takes into account the potential energy associated with
mass asymmetry and angular momentum *). The width of the charge (mass) distribution
for the symmetric mass division is discussed as a function of angular momentum £,

Beams of “"Cl with energies of 156, 166 and 177 MeV obtained from the JAERI
tandem accelerator were used to bombard a self-supporting target of **Zn (755 ug/cm?).
The reaction products were measured with a AE-E counter telescope.

Complex fragments with 5 << 7 < 29 have been detected. The characteristics of the
fragments corresponding to the 1/siné,, angular distribution were consistent with those
of the fully equilibrated compound nucleus. For the above component, angle-integrated
cross sections were obtained from the averaged value of do/df,,,.

Figure 1 shows the integrated cross section of each fragment Z for the three values of
bombarding energy. No signifficant bombarding energy dependence of the charge distri-
bution was observed. The results of the statistical model calculation ?) are also shown
in Fig.1 in comparison with the experimental data. The substantial agreement between
experiment and calculation is obtained. This suggests that the fragment production
results from the statistical binary decay of the compound nucieus.

Assuming that the symmetric mass distibution is represented by a Gaussian func-
tion, we have obtained a variance o4 of the fragment mass distribution. In Fig.2, the
variance o3 are plotted as a function of V< £ > together with the data obtained from
refs. 3-7), where < #¢ > is the average angular momentum for fusion. As shown in Fig.2,
th observed g% strongly depends on /< 2 >. If the mass distribution is determined
substantially by the static potential energy surface ), the width of the corresponding
mass distribution is expected to become narrow as the angular momentum increases.
The broad widths at large angular momentum are inconsistent with this consideration.
Meanwhile, it has been predicted by Faber ® that the stiffness of the potential energy

associated with the mass asymmetry degree of freedom at the saddle-point is expected
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to decrease with increasing angular momentum. The mass distribution, therefore, would
become wider with the increase of angular momentum. Although the effect of angular
momentum has not yet been fully accounted for in a quantitative manner, the trend
of the mass distribution observed in the systems around A ~ 100 can be qualitatively

explained by the Faber’s model #.
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Fig.1. Integrated cross sections over the flat region in the angular distribution: El,, =
{a) 177 MeV, (b) 166 MeV and {c) 156 MeV. The atomic numbers of projectile and
compound nucleus are indicated with Zp and Zoy, respectively. The solid lines are the

results of the statistical model calculation.
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4.2 A FISSION BARRIER STUDY IN ACTINIDES

T. Ohtsuki, H. Nakahara, Y. Nagame*, K. P. Tsukada,
N. Shinohara**, S. Baba*, K. Sueki, and H. Ikezoe***

Department of Chemistry, Faculty of Science,

Tokyo Metropolitan, University,

«Department of Radioisotopes,JAERI, *xDepartment of
Chemistry, JAERI, #=x*Department of Physics, JAERI

Although low energy nuclear fission has been investigated from the
early days of the discovery of the phenomena, detall features of mass yield
curves are necessary for the study of the mechanism. One of the most
important information of the mass yiels is the fission barrier heights. The
incident energy dependence of mass yields has been known to be different
for symmetric mass division products and for asymmetric ones. This suggests
the presence of two barrier heights corresponding to the two mass division
modesl),

In the present work, we have studied the mass distributions of
fragments from the fissions of 232Th, 233y, 235y, 238U, 237Np, 239py
242py . 244py, 241ap, and 243Am induced by protons in the energy range 9-16
MeV for the purpose of investigating the dependence of gymmetric and
asymmetric fission modes on excitation energy. The peak-to-valley ratios
were obtained as a functicn of proton energy, and also analyzed as a
function of the fissioning nucleus. The variation of barrier heights for
the symmetric and asymmetric fissions was deduced. The difference of the
barrier heights between the two modes is compared with static potential

barriers calculated by Moller and Nix2!,

The cross section for obtaining each fission product was evaluated
from the observed ¥ -ray intensities, and the correction was made, 1if
necessary for the charge distribution by assuming a gaussian charge
distribution with the most probable charge Zy of the wunchanged charge
distribution model. All the mass yield curves were asymmetric as expected.

The results showed a strong dependence of fission yields on Ep in the
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valley region { increased probability of the near-symmetric fission with
increasing of excitation energy )} in comparison with the peak region and
the outer sides of the asymmetric peaks.

The wield ratios of typical asymmetric divisicn products are
independent on the incident proton energy and that is the same as the
symmetric division products, while the yield ratios of asymmetric to
symmetric division products are strongly dependent on energy. These
observations suggest the existence of two distinctly different threshold
energies, one related to the so-called symmetric fission and the other to
the asvmmetric fisslon.

For all nuclei studied it has been found that the peak-to-valley ratio
decreases as the excitation energy eof the compound nucleus 1is increased,
and eventually the distribution becomes symmetric about Ag/2. The P/V
ratios as a function of the mass of the compound nucleus ( Ap ) with a
fixed excitation energy above the saddle point are shown in Fig. 1, in
which the outer barrier heights reported by Back et al.3) are used for the
saddle point energy. Filled circles show the P/V ratios for the excitation
energy of 9.5 MeV and filled triangles for 11.5 MeV. From the figure, it is
found that yields of the symmetric mass division become more favored as the
fissioning mass increases up to 245 or to the neutron number of the
compound nucleus N=150., It is interesting to note that the P/V ratios seen
to vary smoothly from the actinide region to the distinctly triple-humped
Ra region4) and even down to the Po region5). This smooth'variation of the
P/V ratio as a function of Ap indicates that some unknown causes of the
asymnetric mass division, probably the shell effect at the saddle or at the
scission or the dynamics from the saddle to scission, gradually hecome more
effective as Ag increases up to the actinide region.

A quantative analysis was carried ouft for the ratio of probabilities
of the symmetric and to the asymmetric fission in terms of a statistical
model according to which the ratio [%/ [%=P/V can be represented in the
formbl:

ln(P/V):C*((2¢aa(EX—Ea))-(ZJESEEX~ES)))
where C is a constant, Ex, the excitation energy of the fissioning nuclide,

az and ag, the level density parameters of the symmetric and asymmetric

fission modes,respectively, and E, and Eg the extra-energy above each
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barrier. An assumption was also made that the level-density parameters do
not depend on the excitation energy and that az=1.05A/8, ag=1.1%ay. The
differences in the evaluated extra-energy{Eg-E,) reguired for the symmetric
mass division to the asymmetric cne as a function of neutron number are
shown in Fig.2. The {E¢-E,) value changes from a large pesitive value for
N-130 to & large negative value for N-126, and the two barrier heights
become comparable at N=136-137. This trend indicates that the shape of the
mass distribution changes from symmetric mass distribution for the Bi and
Po region, tripie-humped for the Ra and Ac region and to double-humped for
most of actinides systematically. The broken lines show the difference in
heights between the symmetric 2nd barrier and the asymmetric 2nd barrier
for even-Z fissioning nuclides calculated by M8ller et al?). The observed
(Eg-Eyz) seem to fall within the energy range predicted by the potential
energy calculation, and it may suggest that the symmefric mass division
process experiences the static symmetric 2nd barrier and the asymmetric
process goes through the static asymmetric barrier even though there is no

theoretical Jjustification for the former process.
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4.3  BETA-DECAY STUDIES 0F 123ta, 1254 anp 12714
WITH AN ON-LINE ISOTOPE SEPARATOR

ideki IIMURA, Shin-ichi ICHIKAWA, Toshiaki SEKINEY¥,
Masumi OSHIMA®®, Nobuo SHINOHARA,

Masahide MIVACHI¥¥¥ Akihiko 0SA¥¥¥, Michihiro SHIBATA¥®Y,
Hiroshi YAMAMOTO¥*¥ and Kiyoshi KAWADE®¥¥

Department of Chemistry, ¥Department of Radioisotopes,
¥Depariment of Physics, JAERI and
***Department of Nuclear Engineering, Nagoya University

Investigation of the nuclear structure of neutron deficient nuctei
in the A=120-130 mass region has revealed many interesting features. The
nuclei in this region, tend to loose v -softness and their collective
character grows rapidly with decreasing neutron number. As to odd-A
Ba nuclei in-heam 7 -ray spectroscopic studies lead to information on
high-spin level structures.!-3) However, experimental information on low-
spin levels of these nuclei is very scarce. The knowledge of the excita-
tion energies and iransition probabilities of such levels are needed for
understanding the collective behaviour of these nuclei. In the present
work, we studied the level schemes of 123,125,12783 from the B -decays
of 123,125,127 3 ysing an on-line isotope separator (ISOL).

The experiments were performed at the tandem accelerator facility,
using the reactions 92Mo(35C1,2p2n)123La with a 180-MeV 33CI beam and
Natio(325,pxn)125, 1271 with a 160-MeV 32S beam. The thickness of the
molybdenum targets was about 4 mg/cmz. Reaction products were ionized in
a surface-ionization ion source. The ionized activities were extracted
from the ion source and mass-separated by an analyzing magnet. In order
to obtain La activities free from the s and Ba isobars, monoxide com-
pounds of La were extracted: the mass number M was set at M=A+i86
(ALalBot). The detailed description of this method is given in ref. 4.
After mass separation, 123,125,127 4 activities were implanted into an
aluminum-coated mylar tape and periodically transported in front of
detectors by a tape-transport system. Gamma-ray multi-spectirum measure-
ments were performed with a low-energy photon HPGe detector (LEPS) and
an 18% 7 -X HPGe detector. The decay of each 7 -line was traced hv taking
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16 spectra seguentially. These detectors were also used for X/ 7y - coin-
cidence measurements. In addition, in order to measure half-lives of ex-
cited states, [ -7 delayed coincidences were chserved with a I-mm-ihick
plastic scintillation detector and the LEPS.

As an example of the data obtained, levels and transitions in !29Ba
are shown in fig. 1. The excited states of 12582 were placed on the basis
of the energies, intensities and coincidence relations of the 7 -rays as-
signed to the decay of 125La. The level scheme shows two different sets
of levels with no interconnection. The position of the 0+X keV level was
not determined. We have derived 13 new levels. The energies of these new
tevels are indicated with an asterisk in fig. 1. As to the spin and
parity values for the ground state and the levels at 0+X, 67.2+X,
165.9+X, 168.6+X, 300.0+X, and 385.0+4X ke¥ we have adopted the previous
ones.2:6) From the intensity ratios of the K X-rays to the ¢ -rays in
the coincidence spectra, the muliipoiarities of the 43.6- and 67.2-keV
transitions have been determined to be MI+E2 and El1, respectively. Con-
sequentiy, the parity of the 43.6-keV level has been assigned as
positive, from the level systematics of the heavier Ba isotopes, the most
probable spin of this level is 3/2. The 67.2-keV 7 -ray was found to be
delayed with a hatf-life of 2.78x0.1dus. This haif-life value gives an
El hidrance factor Fu=5.2X108 to this transition.

Further investigation, including the measurements of internai con-
version electrons, is now in progress to obtain more complete level

schemes of the isoteopes.
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4.4 A STUDY COF SHORT-LIVED ACTINIDES BY MEANS OF ON-LINE
CHEMICAL SEPARATION SYSTEM

Ncbue SHINCHARA, Shin-ichi ICHIKAWA, Hideki IIMURA,
Kazuaki TSUKADA, Sumikc BABA¥, Tsutomu OTSUKI¥*,
Hirckazu UMEZAWA¥, Ichiro FUJIWARA®* and Jorolf ALSTAD*¥*¥

Department cf Chemistry, ¥*Department of Radicisotopes, JAERI,

**(Otemon Gakuin University, *¥*University of Oslo, Norway

Actinides produced by heavy-ion Dbombardments have short-lives and
the producticn yields are quite low. In order to investigate the shori-
lived actinides, therefore, it is necessary tc rapidly separate such a
small amount of an aimed actinide from large amounts of other reaction
products. For this purpose, we have developed an on-line chemical separa-
tion system which consists of a helium-jet transport system, a rapid solvent

1 .
extraction system (SISAK), ) and an automatic ion-exchange system.

Rapid solvent extraction system (SISAK)

For off-line experiment of the SISAK system, short-lived isotopes
of ruthenium which were forming in the spontaneous fission of 1 mCi 2528f
were separated and their gamma rays were measured. The recoil nuclel pro-
duced in the fissicn were thermalized.through collisicon with helium atoms
and attached to aercsol particles in the helium gas. The nuclei sticking
in the particles were transferred through a Teflon capillary (2 mm diameter
and 8 m long) to a degasser of the SISAK system to remove the gas, and
dissolved in a solution of 5X10—5M Ru013/0.2M stoﬁ' Then, a soluticn
of 0.015M Ce(SOu)z/O.ZM HZSOLIr preheated to about 80°C was added to oxidize
ruthenium to Ruoq. The ruthenium oxide was separated from fission products
by extracting it into carbon tetrachloride. Gamma-ray measurements were
carried out on the organic solution after the solvent extraction and centri-
fugal separation from the aquecus phase. Figure 1 shows a schematic drawing
of the SISAK experiment for the fast ruthenium separation.

Figure 2 gives the gamma-ray spectrum of the ruthenium fracticn {organ-
ic phase) after the sclvent extractiomn. Several gamma-ray peaks in the
figure were assigned tc the isotopes of ruthenium with mass numbers 108,

109, 110, 111 and 112 or to their daughter isotopes, with reference to
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literature.z’B) The gamma ray
of 263.5 keV for llBRu given in
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out at first and the californium isotopes of mass number A > 241 were
observed. The identification of berkelium activity after the separation
with SISAK was based on the X-ray of 109keV. However, the activities
observed during the on-line experiments were high energy gamma-Tays assigned

19 19 28A1A and 29Al {for

te 0 and Ne {for Be backing of the target}, and

Al backing), and no berkelium isotopes were identified so far.

0.3 H HOEHP/Mectane

nodle
Qascs
L lb fetector
H:-JHT by —' ——
¥ \_<_,J

0.5 K Ha30y vaste 4.5 M Ha30y
0.1 % gralic acld 0.05 M K,Cra0z

Fig.3 SISAK '"ecdreuit" for on-line
sepaartion of Bk produced by the
118,120+235U reaction system.

Automatic ion-exchange system

A personal computer controls the ion-exchange system: an injector
is to dissolve the reaction products transferred with the helium-jet system
and to inject the dissolved solution into an ion-exchange resin column;
several tube pumps supply eluent solutions to the column, and 4- or B-way
valves and a solenoid valve change an eluent with another. The system can
be automatically operated with a computer progran. A nitrogen-gas tank
with a pressure control valve is used as a controller of flow rate of the
solutions in this system. After the iocn-exchange separation, a necessary
fraction is taken out and dried up to prepare a counting source for alpha-
or gamma-ray spectrometry. Using the 252€f source, the dissoluticn yield
of the spontanecus fission products into an acid solution was investigated

at first, and consequently all of the nuclides transferred with the helium-

jet system were dissolved in the acid soclution. Fission product samalium
. . . -158

was alsc separated with the automatic ion-exchange system, and 155-15 Sm

(Tl/z: 5.5 min-9.4 h) were Zisolated. Figure 4 shows a diagram for the

separation of samalium.S) Required time for the dissolution, the separation

and the source preparation of samalium was 7 min as whole.

18

Holmium and dysprosium isotopes produced from the O+natEr reaction

68,169 168
were separated with the ion-exchange system to identify 1 Ho and RE
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Although the chemical separation was repeated several ten times, the
nuclides of holmium and dysprosium could not be observed. This indicates
that their formation cross sections are less than 0.5 mb.

An  automatic activity-measurement Instrument, where the counting
sources are prepared by quick evaporation of the chemically-separated
fractions and immediately submitted for radicactivity measurements, is
now developing.

Conditioning (1:10=cone.KNOz:EtOH) 2nl
Sapple Solution (l:10=conc.HND;:EtOH) 0.6x]
Eluate No.| (1.0N HNO;-85% WeOK) 3.5al

Eluate No.2 (1.04 HND,-85% NeCH) 1.0aml

Kashing Solution {0.IN HC!) 2.0m]

Column Resin: MCI ge! CAD8B 1.5mu¢ x70nn

k.

discard e Eu Se Pa- -

Fig.4 Diagram for rapid mutual separation of
the rare earth elements (Eu, Sm and Pm)}. The opera-
ting temperature for the ion exchange, the flgw
rate of the eluents and N. gas pressure were 90+2.0
(in water bath), 1.5 ﬁa/min and 20-30 kg/em™,
respectively.
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5.1 CONTRIBUTION OF NUCLECN TRANSFER TO ELASTIC SCATTERING OF

28SI+58’64NI NEAR THE CCULOMBE BARRIER

Yasuharu SUGIYAMA, Yoshiaki TOMITA, Hiroshi IKEZCE, Kazumi
IDENG, Hiroshi FUJITA¥*, Tsuyoshi SUGIMITSU#¥*, Norihisa
KATO**, Shigeru KUBONO*** and Stephen LANDOWNE*##**

Department of Physics, JAERI, *Daiichi College of
Pharmaceutical Sciences, **Department of Physics, Kyushu
University, ***Institute for Nuclear Study, University of

Tokyo, *%**Physics Division, Argonne National Laboratory

Experiments on the quasielastic reaction for the systems

28 58,64

Si+ Ni were carried out in order to clarify the heavy-ion reaction

. . 1,2
mechanism near the Coulomb barrier.™’ ) Momentum spectra from

28Si+58’64Ni quasielastic scattering were measured with a high resolution

at the JAERI tandem accelerator by using the heavy-ion magnetic
spectrograph3) "ENMA". The spectrograph has the characteristic feature
that the kinematiec momentum shift k is well compensated, so that a high

energy resolution is achieved over a wide range of k. Elastic and

28 58,64

inelastic scattering angular distributions for Si+ Ni were measured

in the energy range Ec m =50.0 - 76.5MeV. We used the advantages of the

reversed kinematics in the backward angle range ec o =85%-160° by
bombarding a 285i target with SSNi and 64Ni beams. Transfer cross

sections were measured at E =54 _8MeV for 2BSi+58Ni and at E =50.0
28 . 64 .m. c.m.
and 54.8 MeV for “"Si+ Ni, respectively. In order to measure elastic and

. . ; 28, o .
inelastic scattering at forward angles, a Si beam was Incident on Ni

. . . . 28, .64,
targets, Quasielastic scattering cross sections of " Si+  Ni were

measured at Ec o =76.5MeV by using a 110MeV 2881 beam.
The outgoing particles were momentum analyzed in the magnetic
4}

spectrograph ENMA and detected in the focal plane with a 40cm long

hybrid focal plane detector. The entrance slits of the'spectrograph were
opened 2.2° horizontally and vertically which corresponded to a solid
angle of 1.6 msr. From a measurement of total energy E, energy loss ¢E
and position Bp an unambigucus determination of mass, atomic number, Q
value and atomic charge state g were possible. Four nuclei 2981, 3081
27 26
Al and

. . s . 28
reactions, were observed in addition to elastically scattered ""8i. Other

»

Mg, which were produced from neutron-pickup or proton-stripping
reaction products could not be identified because of their small yields.
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An energy spectrum obtained at _ : . . , f

a8 =40° from the elastic and
lab .

inelastic scattering 285i(6&Ni,64Ni)288i :E;:E;iuﬁ

is shown in Fig.l. The kinematic k= dp/dasp=083 .
nomentum shift, which amounts to 3E = 6.0 MeV e
5E=6.0MeV at Blab=40° for the present L % % T .
solid angle, is compensated well. An 100 1 ‘;'E: D2akev |
energy resolution of 0.24 MeV made it i L35 7
possible to resolve transitioms to Lok b —
low-1lying discrete levels. Elastic s )
scattering angular distributions of = Al A A -
285i+58Ni and 28Si%saNi are shown by ¢ ; ; 3 é i 6

filled circles in Fig.2 and Fig.3, Ee { MeV)

respectively. In Fig.4 angular Fig.l A spectrum obtained at elab:40°
distributions for energy-integrated from the elastic and inelastic
cross sections of the one-nuetron pickup scattering 2851(64Ni,64Ni)2851_
reactions are shown. Filled circles

correspond to the results from the

reaction °°Ni(?%si,?%51)%N1 and filled

triangles are the result from

58Ni(288i,298i)57Ni. It is seen that the transfer cross section of

2851+64Ni is about an order of magnitude larger than that of 2881+58Ni at

Ec'm.=75MeV.

At first we carried out the coupled-channels culations including
the inelastic excitations. The following spherical Woods-Saxon potential
parameterss) were used; V=50MeV, W=10MeV, r0=rI=l.2fm, ao=aIzO.65fm,
rc=l.32fm. THe form factor was the derivative of the Woods-Saxon
potential. The coupling parameters used were as follows; ﬁn=-0,36, ﬁc=—
0.379 for 2881(2+) and ﬁn=0.2, ﬁc=0.182 for 58'64Ni(2+). The calculated
results using the code Ptolemy ) are shown by dashed-lines in Figs.2 and
3. It is seen that the single energy- and isotope-independent potential
reproduces well the elastic scattering angular distributions of 2851+58Ni
at all energies. However the calculations deviate comsiderably from the
measured elastic scattering cross sections for 285i+64Ni at near-barrier
energies of EC-m'HSZ.Q, 54.8 and 57.3 MeV , although the angular
distribution at Ec.m.-76'5MeV is reproduced well,

We then carried out the coupled-channels calculations including the
transfer channels additionally. The transfer reactions were treated in

the same way as in the fusion calculations of ref.7. We took into
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The dashed lines are coupled-channels
calculations including inelastic 28 64

. . Fig.3 Same as Fig.2 but for Si+" "Ni.
excitation. Solid lines are the

calculations including the one-neutron

transfer channel additionally.

account only one-neutron transfer channels for simplicity. The
calculated results for the elastic are shown by solid lines in Figs.2 and
3. It is seen that the coupled-channels calculations including the
transfer channel additionally reproduce the data very well. The one-
neutron transfer cross sections are compared with the coupled-channels
calculations in Fig.4. A reasonable overall agreement is obtained with
this simple approximated method. A large difference of the transfer cross

2851+58,6&

sections between the Ni cases at EC m =75Mev is reproduced well.

In summary, we presented the results of elastic scattering and
. 28,,,58,64 . . .
one-neutron transfer measurements in Si+ Ni at various energies
arround the Coulomb barrier. A high resolution work was achieved by
compensating the strong kinematic shift in a reversed kinematics and the
elastic scattering cross section was measured over a wide range of

scattering angles. The coupled-channels calculations were carried out

— 147 —



JAERI-M 89-119

including one-neutron transfers in addicion to inelastic scattering
process. The data were reproduced wll using a single energy- and isotope-
independent bare potential. The present result ,together with the 0ne7’8)
of the fusion reaction, indicates that the coupled-channels method is a
unified approach for describing the elastic, quasielastic and fusion

cross sections at energies around the Coulomb barrier.

[ mb/sr)

100 g ' LY ’ ‘ "3 Fig.4 Angular distributions for
[ 760 MV - Eom =30.0 Me¥ ; energy-integrated cross sections
" Y 5 . ) of the one-neutron transfer
| . reactions. Filled circles and
]O? ,. 1; 548 MeV ? triangles are the results from
r N 3 N 4. 28, 29,_. -
i . B . ﬁ the reactions 6 Ni{ 81, 81)63N1
s R . : and 58Ni(2851,2951)57Ni, respectively.
< Solid lines are the coupled-channels
Tk [l = .
=R . TS N 1 calculations.
[ 74.2 eV - s Bl ]
o1 -
1 1 ] 1 i L il L
20 40 80 B8O 100 120 140 160
ey tdeg)
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5.2  MEASUREMENTS OF PRE-FISSION 4He MULTIPLICITY TO
INVESTIGATE THE TEMPERATURE DEPENDENCE OF
LEVEL DENSITY PARAMETER

Hiroshi IKEZOE, Naoroto SHTKAZONO, Yuichiro NAGAME,
Yasuharu SUGIYAMA, Yoshiaki TOMITA, Kazumi IDENO,
Hiromichi NAKATIARA ", Tsutomu OHTSUKI , Takayuki
KOBAYASHI and Keisuke SUEKI

*
Department of Physics, JAERI, Department of Chemistry,
Faculty of Science, Tokyc Metropolitan University

The nuclear level density plays an important rule in the statistical treatment of
the probabilities of evaporation and fission of an excited nucleus. The dependence of the
level density parameter on the excitation energy is especially important. Up to now a
few experimental data are available in connection with this pointl_g). In the present
work, we investigated the dependence of the level density parameter on the excitation
energies in the range of 45 to 90 MeV. For the present purpose, the reaction of lgF +
197Au was used to produce the compound nucleus 218, The pre—figsion 4He
multiplicity was measured as a function of the excitation energy of the compound
nucleus. It was expected that 4He was likely emitted from the excited compound nucleus

216 zlan has the neuiron magic number

Ra before fission, because the daughter nucleus
N=126. It was also expected that the 4He emission shouid depend on the excitation
energy of the daughter nucleus ‘?lan, in which the shell correction energies of the
excited states rapidly disappear4) as the excitation energy increases.

The energy spectra of *He in coincidence with the fission fragments are shown in
Fig.1. The ordinate is defined as

2 43
d*M/dE 40 = (d°0/dB d0 40 )/(de/dQg ),

where do/dQsiss 18 the inclusive cross section of the fission fragments. In general, there
are three different sources for the 4He emission, that is, the evaporations from fission
fragments (FE), the compound nucleus emission (CE) and the pre—equilibrium process
(PE). Since the 4He in the coincidence measurements was detected at the backward
angles, the contribution from the PE was negligible. The calculated energy spectra
corresponding to the emission sources of the CE and the FE are shown in Fig.1 as the
dotted and the dash—dotted lines, respectively.

The pre—fission multiplicity of 4He obtained after the components of the F'E were
subtracted from the data are shown in Fig.2 as a function of the excitation energy U.
The observed data were compared with the results of the statistical model calculation,
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where the code PACE5) was used assuming the liquid drop masses for the excited parent
and daughter nuclei and the level density parameter a = A /8 MeV ™', The ratio ar/an of
the level density parameters at the saddle point and ground state deformations was
varied to see the dependence of the calculated M on the excitation energy. It is obvious
that the observed data are enhanced at the low excitation energy compared with the
calculated results
In order to explain the observed enhancement, the dependence of a on the

excitation energy was taken into account in the statistical model calculation. According
to Ignatyukl) , the level density parameter is expressed as

a(U) = a (1 + {(U)éEs/U),

f{(U) = 1 — exp(—U),
where ¢Es is the experimental value of the shell correction energy to the ground state
mass formula,

fEg = MEXP(Z,A) — Mld(Z,A).
The experimental and the calculated mass defects with the liquid drop model of
Myers—SwiateckiG) are denoted by Mexp(Z,A) and Myq(Z,A), respectively. The
asymptotic value of a at high excitation energies is denoted by a and +is a parameter
representing the degree of the shell smearing and to be fixed by the experimental data.
The result of the calculation with 7 = 0.06 is shown in Fig.2 as the solid line. The
agreement with the data becomes better. This indicates that the enhancement of the
pre—fission e multiplicity at the energy region region (45 — 60 MeV) can be explained
by the shell effect of the residual nucleus after the 4He particle is evaporated. From the
present measurement the parameter 7 was determined to be 0.06:8:§§. This value is close
to the value 0.05 estimated by Ignatyuk from the analysis of the neutron resonance

data,l).
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Fig.1 Energy spectra of ‘He in
coincidence with the fission fragments.
The dotted and the dash—dotted lines
represent the calculated spectra
corresponding to the emission sources

of the CE and the FE, respectively.

The out—of—plane data were measured at
0 = 60",

Fig.2 Pre—fission multiplicity of *He
as a function of the excitation energy
U. The upper scale U is the excitation
energy reckoned from the energy of the
ground state as given by the liquid
drop model. The results of the
statistical model calculation assuming
asfan = 0.95, 1.00 and 1.02 are shown
in the dotted, the dashed and the dash—
dotted lines, respectively. The solid
line is the calculated result taking

into account the excitation energy
dependence of the level density
parameter with v = 0.06.
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5.3 DETECTION OF THE Be NUCLET FROM THE REACTIONS

2851+ B0 amp g+ Oy

Kazumi IDENO, Yoshiaki TOMITA, Yasuharu SUGIYAMA,
*
Hiroshi TKEZOE, Susumu HANASHIMA and Yuichiro NAGAME

x
Department of Physics, Department of Radicisotopes,

JAERT

8Be nuclel occupy a large

In 16O—induced heavy ion reactions the
b In order to see

fracticn of the reaction yields for light fragments
the dominance of SBe nuclel for heavier projectile systems, we performed

the measurement of the production cross section of “Be nuclei for the
68 328 + 64Ni at the incident energies of 163 and

8.,
systems Si o+ Zn and
same composite

175 MeV, respectively.

Both systems lead to the
components. The incident energies were chosen so that the two systems had
g
Be

nucleus decays promptly into two a-particles (t1/2 =10
2}

state). We need a special detection system te identify it
constructed a two-dimensional position-sensitive

approximately the same excitation energy and angular momentum. The
-16
sec at ground

For this

purpose we have
, which is composed of paired drift chambers as AR

detectlion system
z
counters and two closely-spaced 851 detectors (40%40 mm™ ) as E counters.

N 850+ %7 K\B
1 4 163 MeV ; Beg.s.
40" Q Begls' ] ‘? 4
I Bl =25 300+ I { 325 +64N|
| !.’ \ 175 Mev
n i / B =25"
— z Jtab
Z Z 200+ | | 15
> ég i \
8 20r O :r
!
l 0ok ||
]
) ]
! ﬁ% / %
0 L / 1 : ﬂy”'“ﬂﬂ;‘lmr[u 1t G | 1 %“m 2
0 50 t0C 150 0 50 100 [50
AP (MeVv/Co AP (MevsC)
Fig. 1 Relative momentum between coincident a-particles
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This system worked effectively for the measurement of contlnuous BBe
spectra buried in the strong a-backgrounds. We also measured the cross
section for the production of light stable fragments (Z = 3 - 6). Fig. 1
shows the measured distributicn of the relative momentum between
ceincident a-particles at elab = 25 degree. The observed discrete peak at
the lower end in the figure corresponds to the contribution from the 8Be
ground state. The background components are mainly due to the
uncorrelated a-particles, whose average contribution is represented by a

dashed curve. Both in the two systems, the ratio of the 8Be component

60
60 288{-+682ﬂ 325 . saNi
163 Mev 175 MeV
S <
L a0k . a0k .
O -
= 1
L Lt ]
> 20} 7 4 > 20t // -
L L7 ;
3 4 5 ) S 4 5 6
z Z
Fig. 2 Relative cross sections at elab = 30 degree for the

observed light fragments. The cpen areas represent the ones for
8
stable isotopes and the hatched area the cone for the Beg s

nuclei.

to the background increased as the detection angle increased. Fig. 2
shows the vield ratics among the light fragments observed at eLab = 30
degree. Almost the same ratios were observed up to the backward angle of
elab = 50 degree. It is seen that the two systems behave similarly ﬁith
respect to the relative yields. We also compared the spectra of the "Be
nuclei with those of neighboring stable nuclei. All these nuclel showed a
cimilar kinematical behavicr among them. Further analyses are in

progress.

— 163~



JAERI-M 89-119

References

1) M. E. Brardan et al.: J. Phys. 12 (1986) 391.
2) G. J. Wozniak et al.: Phys. Rev. Cl4 (1976} 815,
3) K. Ideno et al.: JAERI-M 88-181 (1988) 146.

— 154 —



JAERI-M 89-11¢

5.4 SHTIFT OF NEUTRCON RESONANCE LEVELS IN PERIODIC STRUCTURE
Kazumi IDENO
Department of Physics, JAERI

Search for deviations from the statistical distributions of neutron

. -7
resonance levels has been made in these decades ). Neutron rescnance

spectra are s0 complex that it is natural that such trial has started
from finding simple level patterns: equidistant nature of level
occurrence or periodic level distributions. In Ref. 5, we locked for
common periodicities among medium and heavy nuclel. However, owing to the
insufficient data at that time (1973), we could not make a systematic
comparison among different nuclei. With an attempt to find ocut a trend of

)

the pericdicities, we have extended our original method3 and made an

extensive comparison among different nuclei, taking into account a recent

8)

progress in experimental data

We searched feor pericdic structures using the correlation functiocn
1)
A
20
eV {I) and nuclei with D < 250 eV in the energy region below 5000 eV

. We analyzed nuclei with D < 15 eV in the energy region below 300

(II), where D is the average level spacing. The data are taken from Refs.

168Er 177H 179

4 and 8. The nuclei f and Hf show a definite periodic

r

structure in which a large part of levels are located among the periedic
positions of a single sequence over a whole range of energy. These level
energies are expressed as Ei =ne +n, where n takes integers, £ is a
periocd and 7 means a shift to the level sequence of Ei = ng. These

periods and shifts are listed in the following:

168

(I} Er {I = 0}: e = 17.6 eV (AE = & &V) and 7 = -3.2 eV;
(11) Y7BE (7= 3): e = 4.37 eV (AE = 0.6 eV) and 5 = 0.8 eV;
l79Hf (I =9/2): € = 3.06 eV (AE = 0.6 eV) and n = -0.5 eV.

Here AE represents the resolution of the period, J is the spin of the
levels and T the spin of the target nucleus. It is noted that ITI is
approximately equal to (1/6)e for each of the above nuclei.

When one nucleus has a periodic component with the same period € as

—155—



JAERI-M 89-119

that of a reference nucleus and its shift is n.,a relative shift between

the two nuclei is defined as

A'Z = rlref - ,2' (1)

where Vref is the shift of the reference nucleus. The relative shift can

be determined directly by using the function A for the superposed

1) 20

levels of the two nuclel In order to avoid inclusion of accidental
effects in obtaining the relative shift, we calculated the probability of
the occurrence of the cbserved correlation by simulations in each of the

cases.

Relative shifts of the 17.6 eV components (E < 5 keV)

The l68Er nucleus was taken

as a reference. Fig. 1 shows the

148 152 ieg
relative shifts of the 17.6 eV Nd “"8m Gd Dy
components for even rare earth | 1 T

nuclei. It is seen that all the

{ev)
&
T
_.
T
—‘_W

relative shifts except for the ] ‘

1606& nucleus center arcund 4 = 0

or {1/2)e. Among the nuclei in the
figure, the 160Gd nucleus has the

weakest correlation with the

RELATIVE SHIFT
(e
T

reference nucleus. The corre-

lations are very strong for the 140 150 160 170
other nuclei, and clustering of A

the relative shifts at the Fig. 1 Relative shifts of the
definite values cannot be expected 17.6 eV components.

for independent ensembles.

. 144 160 .
Except for two nuclei of Nd and Gd, there is one-to-one
correspondence between the change of isotopic components and the relative
shift. An increase (or decrease) of two neutrons or twe protons in a
nucleus makes change its relative shift by one half of the period, and
after two successive operations the relative shift returns to the

original wvalue. Outside of this mass range, however, such correspondence

could nct be seen clearly.
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Relative shifts of the 4.37 eV components (E < 300 eV)

The 177Hf nucleus with J = 3

levels was taken as a reference. The
relative shifts for odd nuclei in
the rare earth regicn behave in a

complicated manner, but they show

a regular pattern for the nuclei 2 e + i %E
with a mass range of 232 to 242 as % ' |
is seen from Fig.Z. The nuclei from - -
2 i T
32Th to 238U have the same relative w ‘
. 242 w O :
shift of -(1/6)e and the Pu E
- Lt
nucleus has a relative shift of zero. IEEE S i ¢
g
The relative shift cf {1/2)e appears _
. 232 236 -2
among the nuclei Th, U and a%hzmu B% ZEU H%M m$u
240 . .
Pu where isotopic components
differ by even units. The 232Th and FPig. 2 ERelative shifts of the
2
"36U nuclei have two periodic 4.37 eV components.
components with different shifts. For
the 232Th nucleus, the correlation at h = {1/2Ye is weaker than the one
236
at n = -(1/6)e; for the U nucleus, the two compconents have about the

same degree of correlation. It is noted that the 4.37 eV pericd 1s one

fourth of the 17.6 eV period observed in the even rare earth nuclei.

Relative shifts of the 3.06 eV components (E < 300 eV)
179

The Hf nucleus was taken as a reference. Figs. 3 shows the
relative shifts for odd nuclel from 1271 to 177Hf, whose levels have two
possible spins J = I + 1/2. In this mass range, most of the relative

shifts show a correlated behavior with respect to the values of target
spin; the nuclei with I= 1/2 and 5/2 have the relative shift of (1/2)=

and the nuclei with I = 7/2, except for the l478m nucleus, have the

relative shift of (1/6)e. The nuclei with I = 3/2 (157Gd and 159Tb) have
either n = (1/6)e or (1/2)e, and in this case the correlation with the
target spin is not definite. For the six nuclei where spin assignments
were made to most of the levels, we obtained the relative shifts for the
levels with fixed spin J. Fig. 4 shows these relative shifts. In the
cases of 165Ho and 177Hf the relative shifts are separated into two
values accerding to the spins J. In the 1651—10 nucleus the correlaticon is

stronger for the J = 3 levels than for the J = 4 levels, while in the
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Fig. 3 Relative shifts of the Fig. 4 Relative shifts of the

3.06 eV components. 3.06 eV ccmponents for spin J.
177 . .

Hf nucleus the correlation is stronger for the J = 4 levels than for
the J = 3 levels.

. . . . . 168 177
The periodic structures typically seen in the nucleil Er, Ht

and 17ng seem to be mutually correlated with the level occurrence of
other nuclei not only through the periods, but also through the relative

shifts.
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55 ELECTROMAGNETIC TRANSITION PROBABILITIES IN THE
NATURAL_PARITY ROTATIONAL BAND OF 7G4
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1_4) the

In a series of the study of rotational perturbation effects in odd nuclai,
nucleus 15754 has been investigated through multiple Coulomb excitation.
Ground—state rotational—band members from 17/2 to 23/2  states have been newly
identified in 1°7Gd,

The experiment was performed using a Ni beam of 240 MeV obtained from the
tandem accelerator. Targets used were self—supporting metallic 157Grd, and 93.3 %
isotopically enriched: one is about 30 mg/cmg, and the other about 3 mg/cm2 in
thickness. Deexcitation v rays were measured with Compton suppressed Ge detectors
by using the thick target; vy coincidences, y—ray a.ngular distributions, and nuclear
lifetimes were determined by the recoil distance method using the thin target.

As is shown in Fig. 1, energy levels are clearly dependent on the signature r, that

is defined 355)
r = exp(—ira)

where @ = +1/2for [ = 1/2, 5/2,9/2,---, and a=—1/2for I = 3/2, 7/2,11/2,--- On
the contrary, reduced M1 transition probabilities, B{(M1; I-I-1), do not show
significant dependence on the signature.( See Fig. 2.) Usually the B(M1; I=I-1) is
much sensitive to the signature, compared to the energy level.

The present result suggests that the configuration mixing strongly affects the
signature dependence of the B{M1) values. Theoretical analysis in terms of a

microscopic model is in progress.
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Electromagnetic transition prebabilities have been studied putting emphasis on

the rotational bands based on high—j orbitals such as hu/z or 113/2.1_7) These high—]

orbitals have a nnique—parity character and their wave functions are more definite
than those of natural—parity orbitals. Rotational perturbations are strong for the
unique-parity bands and considerable signature dependence (zigzag pattern ) has been
observed for the quasiparticle energies and the B(M1) values. The phase rule®) for the
zigzag patterns is well established for the unique—parity bands.

In the natural—parity rotational band of 163Dy, the phase of the zigzag in the
B(M1) values is opposite to what is expected for the dominant j = 9/2
conﬁguration,g’w) while the quasiparticle energy Lsplitting and the absolute value of
the B(M1) are in agreement with the dominant j = 9/2 character. This "inverted"
signature dependence was shown in terms of the rotating shell model to originate from
the characteristic coherence between the orbital and spin contributions in the
spin—-down ( 0 = A — 1/2 ) dominant one—quasiparticle states-m’ll) In order to
confirm such a mechanism, the counterpart, i.e., the spin—up ( {1 = A+1/2)
domipant configuration is studied.

We made a Coulomb—excitation experiment on 173yt whose ground—state
rotational band is based on the natural—-parity Nilsson state v 5/2 [512]. We have
assigned levels up to J™ = (27/27) and measured y—ray branchings, E2/M1 mixing
ratios and nuclear lifetimes, and determined the absolute intraband transition
probabilities up to the 25/27 state as shown in Figs. 1-3. The experimental details
have been presented eisewhere,12) Here we report results of the theoretical analysis.

Microscopic calculation was performed based on the rotating shell model.ls) In
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¥ig.1 B(MI1;I ~I~1) values for the
ground—state rotational band of
173v1,. The solid ( broken ) line
shows the calculation with ( without
) the geometrical factor. The dotted
line includes the 7 vibration besides
the geometrical factor.

Fig.2 AI =1 transition
quadrupole moments for the
ground—state rotational band of
lTSYb. The notations for the solid
and broken lines are the same as in
Fig. 1.

Fig.3 Al = 2 transition
quadrupole moments for the
ground-state rotational band of
173yb. The notations for the solid
and broken lines are the same as in
Fig. 1.
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this framework following important physical mechanisms are taken into account: static

and dynamic triaxdal deformations which are estimated to be important in the case of

unique—parity orbita.ls,M) the many—j mixing effect which is inevitable in treating

natural—parity orbita.ls,lo’ll)

become yrast at very high spins. On the other hand, this framework becomes worse at
low—spin states because of its semiclassical nature. In order to overcome this defect in
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a simple manner, we adopted the "geometrical factors" proposed by Dénau.lﬁ)
The parameters used in the numerical calculation were as follows. We used the
single—particle space consisting of the Nosc — 46 shells for neutrons and the Nos e

3—5 shells for protons. It means that our model space includes all the j-components
which might be contained in the odd—quasineutron orbital under consideration.
Quadrupole deformation parameter § = 0.28 was chosen so as to approximately
reproduce the observed quadrupole moments of neighboring even—even nuclel.
Gamma—vibrational phonons ( r = 1 ) were taken into account up to double
excitations. The calculated results with and without the geometrical factors are
presented in Figs. 1-3. |

The observed quantities, B(M1), B(E2; AI=1), and B(E2; 41=2), show almost no
signature dependence as shown in Figs. 1-3. This appears natural for spin—up ( O = 4
+ 1/2 ) dominant cne—quasiparticle bands with natural pa,rityll) and our calculation
reproduces them very well. The spin—up character in the present case is mainty due to
the f,( /2 spherical—shell-modei state. Namely, the orbital under consideration

v 5/2 [512] is the counterpart to the v 5/2 [523] occupied by the last odd particle of
163Dy , whose dominant component 1§ h9 /2 after an avoided crossing.

The B(M1) value is determined by | i BRPA | in the rotating shell model

when one of the spherical—shell-model state jis dominant in the deformed wave

function. Here g; is the Schmidt value and gpp, 18 calculated ast)

<p >
ERPA ~ T >

Consequently the absolute values of B(M1) are large ( small ) when g; is negative (
positive ) in one—quasiparticle bands where SRPA is positive. Besides the effect taken

into account by the totating shell model, the vibrational contributions are expected to
affect the B(M1) value depending on the shell structure.m) Here we discuss the role of
« vibration in the present case.

The phenomenological 8R is extracted from experimental data using a model

without the vibrational contributions.”) When the contributions are negligible, the
calculated SRPA and the phenomenological gr should coincide with each other and the

B(M1) value should be reproduced within the rotating shell model. This is true in the
present case of 173y ( Fig. 1) where the calculated gpp 4 varies from 0.292 to 0.283
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as the rotational frequency increases, whereas the phenomenolegical gr is 0.277 *

0.017’.18) The result is consistent with the fact that the collectivity of  vibration is
very weak around the nucleus 1731 due to the subshell structure in the Nilsson
orbita.ls.l7) In contrast, the calculated values of BRPA for 1G?’Dy were considerably

larger than the phenomenological g, and consequently the calculated B(M1) values

were larger than the experimental ones.lo)

taking the 7—vibrational effects into a,ccount.lo)

Transition quadrupole moments deduced from the B{E2) values are shown in
Figs. 2 and 3. Qur rotating—shell-model calculation reproduces them well. This means
that the adopted deformation parameter is adequate. The effects of the » vibration on

But this discrepancy has been solved by

them have been found negligible.
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5.7 LIFETIMES AND G-FACTORS
OF EXCITED STATES IN 1088

Tetsuro ISHII, Mitsuhiko ISHII,
% * *
Yuichi SAITO |, Mituo NAKAJIMA and Masao OGAWA

*
Department of Physics, JAERI, Tokyo Institute of Technology,
Yokohama

We have established the level scheme up to T4/2
the 14" state in 196Sn in the previous 14 20t 10ps
experimentl) as shown in fig.1; the lower 2*, 455

4+ and 6+ states come from a broken pair of

neutrons and the others, probably, have higher %1

seniorities. In order to confirm the nature of 19

these states, we have measured the lifetimes

and the g—factors of some of them. 1161
Excited states in the nucleus 85n were o , 40+ 10 ps

populated via the reaction 51V(38Ni 1p2n) with 653

a 217MeV 58Ni beam from the JAERI tandem g Y

accelerator. The 7-rays of 1065z were sorted

with a help of the Si-Box.2) The lifetime | 1156

measurement has been done by the recoil + i

: , . 237 05ns
distance method as well as the centroid—shift 4t y 305 g=-01

method of TAC spectra between particles and

812
+-rays. In the former we empioyed three

stacks of foils: 31V 2.4mg/cm? thick and Cu
9mg/cm? thick with separations of 1.0, 0.5 and 1208
0.25mm. The lifetimes have been measured 0

be 2.320.5ns(6+), 40+10ps(10*) and C
20+10ps(14”). The B(E2) values of the 6+ and 1268[—];
10+ states are estimated to be 3.1 W.u. and 3.9 S0~1%6

+ .

W.u.,respectively.

The g~factors have been measured by the Fig.1 Level scheme of 1%5n.

method of the integral perturbed angular The transition energies are
distribution. The target used was a 51V foil given in units of keV.

2.7mg/cm? thick backed with Gd 7.9mg/cm?
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thick. The 196Sn nuclei were implanted into the Gd backing which was cocled and
magnetized up or down. The perturbed y-rays angular distributions have been observed
by two Ge detectos placed at +50° to the direction of the beam. The 1°65n nucleus
precessed by —4° in the 6* state. By comparison between Stone’s data3) in Fe host and
ours in Gd host4), the internal magnetic field of Sn in Gd was estimated to be -40kG.
Together with the lifetime measured, we have obtained g(6+)2 —0.1. This negative and
small g-factor indicates that the 6* states is composed of a dominent component of
|vgr/s-vds/s > with a small admixture of (vgr/2)?; g(| vge/2- vds/2 >)=-0.072 and
g(|(vgy/2)? >)=+0.42. Furthermore a small rotation(< 1°) was observed for the 8*
state of 108Sn having experienced the transient magnetic field. This suggests that higher
excited states proceeding the 14* state have a small g—factor and are probably
neutron-like. So are the states with spins 10+ to 14* because no long-lived isomer

intervenes among them.
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NUCLEAR STRUCTURE OF 195n

Tetsuro ISHII, Mitsuhiko ISHII,

* *
Yuichi SAITO ", Mituo NAKAJIMA™ and Masao OGAWA

*
Department of Physics, JAERI, Tokyo Institute of Technolegy,

Yokohama

We have studied the nuclear structure
of 105In . 1050 nuclei were produced by
bombarding 3tV with a 217MeV 58Ni
beam from the JAERI tandem
accelerator. The p—v and p—y—7
coincidences have been taken by
selecting the exit channel to 105In with a
help of the Si—Box.l) The level scheme
obtained is shown in fig.1. The
spin—parity assignment is based on the
level scheme of the nucleus 1071112)
because there exists one to one
correspondence in the y—ycoincidences
between most of y-rays from these two
nuclei. The lower three excited states
with spins 13/2*, 17/2* and 21/2¢
consist of the proton hole 7{gg/2)L
coupling with the 2+, 4* and 6% states in
106Sn, respectively.
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5.9  INVARIANT FISSION PATH IN THE MULTI-DIMENSIONAL
PARAMETER SPACE

Akira IWAMOTO and Toshiki. KINDO
Department of Physics, JAERI

The spontanecus fission is considered as a muiti—dimensional penetration problem
in the parameter space. We do not, however, have the standard mmethod to treat this
problem. The adiabatic model, which defines the fission path as the valley line in the
fission potential, is frequently used as an approximation. Some groupsl’2) pointed out,
however, that the action integral along the adiabatic path dose not lead to the minimum
action. In addition, the adiabatic model has a sericus defect that the path and the action
along it depend on the choice of the coordinate systems) . On the other hand, the methods
used in Refs.] and 2 involve considerable amount of calculations and are almost impossible
to be applied to the three— or more—dimensional problem with good accuracy. We consider
two models for the calculation of the fission halflife which are invariant with respect to
the coordinaie transformation. Firsi one is the application of the model of Schmid4).
Another one is the invariant adiabatic models), which has a feature of the adiabatic model
and is invariant with respect to the coordinate transformation.

We treat ozﬂy the symmetric fission and neglect the shell effect on the potential and
mass tensors. The shape parameters are taken from the two—center shell model in which
we use two parameters, center separation z and the sphercidal deformation parameter of
fragments 4. The potential energy is calculated by the Yukawa—plus—exponential modeiS)
and the mass tensors by the Werner—Wheeler methods) .

We start from the Schrddinger equation,
¥¥(z,8) = E¢{z,6), (1}

where E is the energy eigenvalue and the Hamiltonian ¥ is assumed as

2 ..
1T=-— %_-g}?- (M-1)ii(z,8) gﬁ' + V(z,6), (2)

where xi = z or 6. Here we generalized the assumption of constant masses used by
Schmid4) to the the coordinate—dependent mass tensors for use in the fission study. In the
classically forbidden region, we put the wave function in the h—expansion form and insert if
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into eq.(1).

Equating the terms of equal power of i, we obtain in the leading order the

eikonal equation. This equation can be solved by the method of characteristics. Following

the method of Schmid4), we can find numerically the escape path which gives a minimum

0 -0.4

Fig.l The potential energy surface for

the fission of 236U. The equipotential
surfaces shown by thin solid lines are
plotted in units of MeV. The solid line
is the escape path and the dashed line is
the wusual adiabatic path for the
spontanecus fission. The
adiabatic path is not shown because it
almost coincides with the escape path

for this nucleus.

invariant

action integral among the possible paths.
From the derivation of this model, it is clear
that the escape path is invariant with respect
to the coordinate t{ransformation. To
distinguish this path from other paths which
will be given below, we call this path as the
invariant dynamical path.

Our
approximation to the incompressible and

Werner—Wheeler mass is an

irrotational flow mass. In the fission study, it
is necessary to introduce the factor k = 77) to
renormalize the mass. We introduce the
fitting parameter k to the mass corresponding

to the fissioning motiong).

In Fig.(1), the potential emergy and
fission paths for the spontanecus fission of
2387J are shown. The solid line is the escape
path and the dashed line is the usual adiabatic
path which is defined as the line passing the
saddle point and is always orthogonal to the
equipotential surface. From this figure, we
see a large difference between two fission
paths. The origin of this difference is the
effect of kinetic energy which is neglected in

the adiatatic treatment.

The WKB action S is written in the form,
- dxi dx| i
5 = J‘ ds 2V (R(s))—E}- K13 py; Sellhyr (3)

where s is an arbitrary parameter and the integration is performed along a fixed path. If

we choose the escape path for the integration and denote the action integral by Ses, the

— 169 —



JAERI-M 88-119

fission halfdife T% 1s expressed as,

2

T = (=

%_w

T) ezp(—28es/ 0}, (4)

where v is the typical frequency of the nuclear surface vibration and is fixed as hw/2 =
0.56MeV in the following numerical calculations.

Fig.2 The fgure showing the concept of
adiabatic path. M
represents the minimum (ground state
deformation) point and S represents the
saddle point of the potential. The
dashed linres are the equipotential
surfaces and a solid line in the upper
part is the equipotential surface whese
energy is the same as point M. Thin
solid lines with arrows are solutions of
eq.(5). The line a-a’ defines the
invariant adiabatic path.

the invariant

To obtain the escape path numerically
is, however, not easy. Therefore, we propose
an alternative model which is invariant with
respect t¢ the coordinate transformation and
at the same time, is easy to calculate. To
define it, we start by solving the equation,

i GV .
Mij 35- = Fx1- (5)

Here s stands for an arbitrary parameter. As
was shown in eq.(3), the WKB action does
not depend cnm s but depends only on the
shape of the trajectory determined from
eq.(5). We show in Fig.2, the solution of this
equation for a simple potential which has one
minimum and one saddle point. The dashed
lines in tkis figure are the equipotential
energy surfaces and the solid lines with arrows
are the solution of eq.(5). Paths obeying this
equation have two asymptotes and we define
the asymptote a—a’ as the new adiabatic path.
This adiabatic path is invariant with respect
to the coordinate transformation,

xi-ql,

oxi Jx ]
My~ Mo =z Mijr - (6)

The WKB action for this adiabatic path can be calculated by eq.(3) and the corresponding

life time is obtained by using eq.(4).

New adiabatic action is invarant with respect to the
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coordinate transformation and we call this path as the invariant adiabatic path.

WKB acticns were calculated along two invariant paths (dynamical and adiabatic)
and along the usual adiabatic path for the spontanecus fission of 2387 and 2{2Po. For 2380,
the "experimental” action, which is calculated from eq.(4) by using the fission half-life
data is about 53h. The value of k=23 for 236U is necessary for the invariant actions {they
differ within 1%) to agree with the experimental data and k=15, for the usual adiabatic
action to agree with the data. For 212Po, k=20 is rather arbitrary chosen. Im this case,
calculations show that two invariant paths give the values of actions 88h and 90R,
respectively. They deviate cnly 2% but the usual adiabatic path gives the value 114h.

In conciusion, we showed that the method of Schmid works well for the calculation
of the fission half-life if we treat the mass tensors as coordinate—dependent quantities.
The method gives us the fission path which minimizes the action integral and which i3
invariant with respect to the coordinate transformation. Arn alternative model we proposed
is a new adiabatic model, in which the path is also invariant with respect to the cocrdinate
transformation. In addition, the path is a good approximation to the minimum acticn
path. We insist that this definition of the adiabaiic path should be used in place of the
commonly used adiabatic path which i3 coordinate dependent. Two methods we proposed
are applicable for the decay process in the strongly—coupled multi—dimensional parameter
space which can not be reduced intc the product of one—dimensional subspace.
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5.10 STRUCTURE OF ACTINIDE NUCLEI
AND THE SPDF BOSON MODEL

Michiaki SUGITA and Takaharu OTSUKA "

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

We have investigated the structure of the actinide nuclei and the a decay in
terms of the spdf boson model 1-5). In the present article, we will mainly discuss X" =0*
bands. On the other topics concerned with the spdfboson model, refer to Ref.1-3).

In some actinide nuclei, one finds an excited K"=0* band which has the following
unusual properties:

(i) The moment of inertia is larger by a factor of #1.5 than that of the ground

band, while the excitation energy is as low as the energy of the v bands.

(ii)  The o—decay width to this band is relatively large (hindrance factor x10).
[We have called this band super § band to distinguish it from the usual § bands ¢).]

We have studied side bands of the actinide nuclei, including this band, in terms
of the spdf boson model 1-2). We take ***Th as an example. The energy and the wave
function are obtained by the angular--momentum and perity projected Tamm—Dancoff
approximation 4), where all possible K—values are included in the standard
diagonalization procedure. Therefore, all states are exactly orthogonal, while K—values
can stand only for major component in general.

By using the Hamiltonian containing six free parameters %), the theoretical
energy levels in Fig. 1 are obtained. There are two excited K™=0" bands in the
calculated bands; the one with higher energy is the usual J band which has the same
- moment of inertia as the ground band, whereas the lower one has a larger moment of

inertia.
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The lower one corresponds to the observed K™=0" band at Ez=832 keV 8). Although
the usual 4 band has not been confirmed experimentally, the fourth 2 state at Ez=980
keV seems to be a good candidate for the 25 band member?). The agreement between

theory and experiment is quite good for all bands in Fig. 1. It is of much interest to
locate the other members of the usual § band experimentally.

228
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Fig. 1 Experimental (exp.) [ref. 6] and theoretical (th.) energy levels of 228T}:L.

The a—decay widths to the 0’ states of the super and the usual 4 band are

evaluated with the following operator 4,5):

i’(a,LzO) = ap (;r' s,)+ o (;JT';JU) toap(d d)+as(f -f)

where o’s are parameters and () stands for the scalar product. We have calculated
the e—decay width for 2*2U - 22*Th + o. The resultant hindrance factor is 15 for the
super J band, whereas it is 69 for the usual § band. Experimentally 7}, the value for
the former is about 10, which does not differ much from the calculation. The
hindrance factor for the usual # band has not been measured yet, but is expected to be

large™).
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The expectation values of the sum of the p and fbosons are 0.2, 1.3 and 1.5 for
+ - + +
the 0, 0, and 0, states, respectively. As expected, the 0, state contains small amount

- +
of the negative—parity bosons, while the values for the 0, and 0, states are similar.
Because of this, the present description of the 0; (i.e., super §) band contradicts the

naive picture that it is the double excitation state of the octupole phonon. In fact, the
observed anharmonicity is too strong to accept the double—phonon ansatz.

In summary, we would like to emphasize that the spdfboson model can provide
us with a comprehensive description of various interesting aspects of actinide nuclei

within a single framework.
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5.1 SCATTERING OF 28.15 MeV NEUTRONS FROM 126

Yoshimaro YAMANOUTI, Masayoshi SUGIMOTC, Satoshi CHIBA,
Motcharu MIZUMOTO, Yukinobu WATANABE*
and Kazuo HASEGAWA**

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

Nuclear Engineering, Tohoku University

Neutron scattering cross sections in the energy range above 20 MeV
are of great impertance for deeper understanding of the nuclecon-nucleus
interaction., For the neutron scattering on 120 in the energy range above
20 MeV, elastic and inelastic scattering at incident energies of 20.8,
22, 24 and 26 MeVl) 2)

studied, and differential cross sections for elastic scattering at

, and at an incident energy of 21.6 MeV™’ has been

40 MeV have been reported3). In this work differential cross sections
for elastic and inelastic scattering of neutrons on 12C were measured

at an incident enery of 28.15 MeV in order to study the reaction
mechanism for the neutron scattering in the energy region around 30 MeV
and the ccllective nature of 12C. These experimental data were analyzed
by the optical model and the coupled-channel(CC) theory, and compared
with preoton scattering in the framework of the Lane model.

The measurements were performed with the pulsed beam time-of-flight
technique. A pulsed beam of protons with a repetition rate of 4 MHz and
with a burst duration of about 2 nsec was provided by the JAERI tandem
electrostatic accelerator. Neutrons were generated by the 7Li (p,n)YBe
reaction. A lithium-metal target with proton energy loss of 450 KeV was
used as a neutron producing target. The neutron detector is a 20 cm in
diam by 35 cm thick NE213 liquid scintillator viewed by RCA 8854 photo-
multiplier tubes at the front and rear scintillator faces. Neutrons were
observed by an array of these four neutron detectors for efficient
measurements of scattered neutroms.

Fig.! shows a neutron time-of-flight spectrum obtained at 60°.

The efficiency of the neutron detector was determined by measuring the
angular distribution of neutrons from the lH(n,n)lH reaction.
The differential cross sections were normalized to the known n-p scatter-

ing differential cross sections by measuring neutrons scattered from
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a 12 cm in diam by 4 cm long polyethylene scatterer. The resulting
differential cross sections were corrected for dead time in the data
acquisition system, and also for multiple scattering and flux attenuation
in the scattering sample. Differential cross sections were obtained for
the elastic scattering and the inelastic scattering leading to the excited
states at 4.439 MeV(2+) and 9.641 MeV(3 ) over the angular range from

20° to 140° in 10° steps. The experimental cross secticns are shown in
figs.2 and 3 together with thecretical predictions.

The data were analyzed first by the optical model. The compound
nuclear contribution estimated by the Hauser-Feshbach formalism is small
compared with the experimental cross sections at the incident energy of
28.15 MeV.

The CC calculations based on the rotational model and the vibrational
model were performed with the codes ECIS79 and JUPITORL. In the rotational
model calculations, CC calculations with the quadrupole deformation only,
and with the quadrupole and hexadecapole deformation were carried out.

In the CC calculations optical potential parameters except the spin orbit
term, and the deformation parameters were adjusted to get the best fit to
the experimental cross sections for the elastic and inelastic scattering.
The theoretical curves of the CC calculations are shown in figs.2 and 3.
The rotational model calculation with the oblate quadrupole and hexadeca-
pole deformaticon gives slightly better fit to the experimental cross
sections for the elastic and inelastic scattering on 126 than the
vibrational model. The present result is consistent with that obtained in
the energy range from 20.8 to 26 MeVl).

A proton potential cbtained in proton scatteringa) was transformed
into a neutron potential in the Lane model, and its ability to predict
the present neutron cross sections for elastic and inelastic scattering
was checked in CC calculations, The same deformation parameters as
those obtained in the proton scattering were used. The CC calculation
reproduces well the present neutron cross sections for the elastic

. . . , . +
scattering and the inelastic scattering to the first 2 state.
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6.2 GAMMA-RAY PRODUCTION CROSS SECTIONS OF AL.ST.Fe.Ph AND Bi
AT 10 AND 11.5 MeV

Motoharu MIZUMOTO. Kazuo HASEGAWA®. Satoshi CHIBA. Masayoshi
SUGIMOTO, Yoshimaro YAMANOUTI, Masayuki IGASHIRA®F, Toshiro
UCHIYAMARE | Hideo KITAZAWAYF

Department of Physics, JAER!, *Facuity of Engineering, Tohoku
University, ¥*Research Laboratory for Nucliear Reacter,
Tokyoe Institute of Technology

Introduction

Gamma-ray preduction cross sections have been measured for structural
materials such as Al, Si, Fe. Pb and Bi at the neutron energies of 10 and
[1.5 MeVY. In last year 1887, we have measured the similar data at the lower
energy of 7.8 Mey 1) Gamma-ray data are very important to calculate
radiation shielding and 7 -rays heating for fusion reactors. Experimental
data, however, are siill scarce in the neutron energy region between 5 and
14 MeV, where adeguate neutren sources have not been available. Previous
measurementis were oniy obtained with the white neutron source at ithe ORNL
electren linear accelerator2>.

Continuum 7 -rays from reactions of inelastic scattering (n.n” 7).
neutron capture {n, 7 ) and charged particle (n,p7r ) and {(n.a 7v ) have been
observed in our measurements. The energy dependence of some discrete 7 -
rays due to the (n,n’ 7 ) have been also newly ohtained.

The 7 -ray production data for JENDL-3 (Japanese Evaluated Nuclear Data
Library -Version 3) have been evaluated for these nuclei3) by taking into
account such varicus reactions. 0Our data were used for the check of the

validity of the evaluated files.

Experiment and Analvsis

The present experiments were made at the energies of 10 and 11.5 MeV
with two neutron sources of 24(d,n)3He and LH(11B,n)!1C reactions.
respectively. In particular, the latter source was found to he very
interesting and useful for our experimentst). Fig. 1 shows the time-of-
flight spectirum of the neutiron source which is kinematically collimated into
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a forward angie and has very low background components.

The 7 -ray detector was a 7.6 cm diam. x 15.2 cm long Nai(T!) detector.
which was set in a 25.4 cm diam. x 25.4 cm long Nal(T1) annular detector.
These two detectors were operated in an anti-coincidence mode to suppress
Compton backgrounds and neutron capture 7 -rays in the detector. The TOF
technique of the 7 -ray deteciion was used to improve the signal to
background ratio.

The neutron specira were measured by employing two seis of 5 cm diam. x
1.27 cm thick NE213 deteciors ijocated at a forward angle and either 390 (fer
d-D neutron) or 28.20 (for !1B-H neutron). The standard cross section of
Al{n, ) reaction was also used to normalize the absolute neutron flux for
the 11B-H neutrons, for which the activation of 2%Na with a half life of 15
hours was measured with Na(T!) and fe detecters.

The response functions of the 7 -ray detector were determined with the
discrete 7 -rays from ithe standard sources of 60Co, 137Cs and 22¥a.  and
the several discrete 7 -rays from the 392 keV resonances of 2741¢(p, ) and
“the 935 keV resonance of 19F(p, 7 ) using the proton beam at the TIT
pelletronsd). The inelastic 7 -rays from the 12C(n,n’ 7 ) and 160(n.n"7)
reactions were also utilized.

After subtracting the backgrounds, 7 -ray specira were unfoided using
the computer program FERDGR. Corrections were applied for attenuation and
multiple scattering of neutrons and 7 -rays by the Monie Carlo program.

Results and discussion

The results at 11.5 MeV are shown in Figs. 2-5 together with the data
taken at ORELAZ. (The data at 10 MeV are not included in the present repori
due o0 the limited space). The overall agreement of the spectrum shape is
gzood both for the data at 10 and 11.5 MeV. The careful comparisons,

however, show that their peak areas in the lower 7y -ray energy ragion are

generally {arger than the present data.

Fig. 6 shows the examples of the energy dependence for the discrete v -
rays of Si, Fe and Ph. Though our data are only available above 10 MeV,
agreement among the experimental data is good.

The JENDL-3 data are also compared in the figures. The evaluaticns
represents the present experimental data reasonably well with some data
which may have to be modified based on the our data.
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Energy Damping Feature in Light Heavy-Ion Reactions

Z. Phys, A (1989) in press.

T

Yokoyama, A., Saito, T., Shoji, M., Baba, H., H., Baba, S., Hata, K.,
Sekine, T. and Ichikawsa, S.

Nucleon Transfer in Highly Mass-Asymmetric Reaction Systems between
197Au and Relatively Light Projectiles in the Energy Region below

10 MeV/u I. Target-like Products Z, Phys. A332 {1989) 61,

Z. Phys. A332 (1989) 61.

T

Yokoyama, A., Saito, T., Baba, H., Hata, K., Nagame, Y., Ichikawa, S.,
Baba, §., Sinohara, A. and Imanishi, N.

Nucleon Transfer in Highly Magss-Asymmetric Reaction Systems between
1974 and Relatively Light Projectiles in the Energy Region below

10 MeV/u II. Projectile (190)-like Products Z. Phys. A 332 (1989) 71.
T

Yoshikawa, H., and Mashiko, K.

An Electron Gun for JAERI-FEL

Proceedings of the 13th Linear Accelerator Meeting in JAPAN
(Electrotechnical Laboratory), Sept. 7-9, 1988 p.115.
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Fujita, H., Kato, N., Sugimitsu, T. and Sugivyama, Y.

Three-Body Coupled Channel Analysis of 19¥+12¢ and 1974160 Elastic and
Inelastic Scattering

International Conference on Cluster '88, Kyoto (July 25-29, 1988).

T

Hasegawa, K., Mizumoto, M., Yamanouchi, Y., Chiba, S., Igashira, M.,
Uchiyama, T. and Kitazawa, H.

Measurements of Gamma-ray Production Cross Sections of Al, Si, Te, Pb
and Bi at the TIncident Neutron Energy of 10 MeV

Autumn Meeting of the Atomic Energy Society of Japan in Kobe (Oct. 8-
10, 1988).

T

Yasegawa, K., Mizumoto, M., Yamanouchi, Y., Chiba, S., Sugimoto, M.,
Ygaghira, M,, Kitazawa, H,, Uchiyama, T.

Measurements of Gamma-ray Production Cross Sections at Ep=11.5 MeV
Using lH(llB,n)llc reaction

Annual Meeting of the Atomic Energy Society of Japan in Ohsaka (Apr.
5-7, 1989).

T

Hoshiya, T., Takamura, S. and Aruga, T.

Effects of He Ton Irradiation on Superconductivity of

Bi-Sr-Ca-Cu-0 Films

Spring Meeting of the Japan Society of Applied Physics in Chiba (Apr.
1-4, 1$89),

Vv

Tdeno, K., Tomita, Y., Sugiyama, Y., Tkezoe, H,, Hanashima, S. and
Nagame, Y.
Detection of 8Be nuclei from the Reactions 325 + O4Ni and 288i + 687n

Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct. 6,
1988} .
T
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Iimura, H., Tchikawa, S., Oshima, M., Sekine, T., Shinchara, N.,
Miyachi, M., Osa, A., Shibata, M., Yamamoto, H. and Kawade, K.
Decays of 12513 and 1271a

Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct.
3-6, 1988).

T

Tkezoe, H,, Shikazono, N., Tomita, Y., Sugiyama, Y., TIdeno, K.,
Nagame, Y., Ohtsuki, T., Nakahara, H., Sueki, K. and Kobayashi, T.
Charged particle Emission from Fission Process

Autumn Meeting of the Physical Society of Japan in Fhime (Oct. 3-6,
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T

Ishii, T., Ishii, M,, Saito, Y., Nakajima, M, and Ogawa, M.
Nuclear Structure of 106gn

Autumn Meeting of the Phiysical Scciety of Japan in Mastuyama (Oct.
3-6, 1988).

T

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

Volume Change of Lithium Oxide by Lithium Ion Irradiation

2nd Sym. Fabrication and Properties of Lithium Creamics, American
Ceramic Society in Tndianapolis (Apr. 23-27, 1989).

T

Twamoto, A. and Tzkigawa, N.
Anomaly of the Subbarrier Fusion Cross Section in T4getThGe Scattering
Fifth Int. Conf. on Clustering Aspects in Nuclear and Subnuclear

Systems, Kyoto (July 25-29, 1988).

Iwamoto, A. and Takigawa, N,

Effect of the Nuclear Structure on Subbarrier Fusion Reaction
Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct.
3-6, 1988).
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Iwamoto, A.
Nuclear Fission as a Multi-Dimensional Quantum Decay Problem
Topical Meeting on Non-Linear Dynamics of the Nuclear Collective

Motion, Kyoto (Dec. 5-7, 1988).

Iwamoto, A.
Subbarrier Fusion Reaction: Shell Effect at the Barrier and Penetra-
tion in Multi-Dimensional Space

Int. Conf. on Nuclear Reaction Mechanism, Calcutta (Jan. 3-9, 1989)

Twase, A., Iwata, T., Sasaki, S., and Nihira, T.

PKA Dependence of Damage Production and Damage Structure in FCC Metals
Trradiated with Energetic Ions

Spring Meeting of the Physical Society of Japan in Koriyama (Apr. 3,
1988).

v T

Iwase, A., Iwata, T., Nihira, T., and Sasaki, §.

Radiation Annealing in Nickel and Copper by 100 MeV Iodine Tons.
Autumn Meeting of the Physical Society of Japan in Hiroshima (Oct. 4,
1988).

v T

Iwase, A., Masaki, ¥,, Iwata, T. and Nihira, T,

Ton Irradiation Effect on Oxide superconductors.

Spring Meeting of the Physical Society of Japan in Hiratsuka (Mar. 29,
1989).

T

Kawarasakl, Y.

Japanese Activities on Storage Ring and RF Linac FEL Development

The 10-th International FEL Conference in Jerusalem, Israel (Aug. 29-
Sept. 2, 1988).
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Kawarasaki, Y., Ohkubo, M., Shikazono, N., Mashiko, K., Sugimoto, M.,
Sawamura, M., Yoshikawa, H. and Takabe, M.
Linac for a Free Electron Laser Oscillator
The 10-th International FEL Conference in Jerusalem, Israel {Aug. 29-

Sept. 2, 1988).

Kawarasaki, Y.

Overview of the Accelerators for Free Electron Laser Oscilliators and
the Design Considerartion on the JAERL Superconducting Linac
International Symposium on Applied Electromagnetics in Materials in

Tokyo (Oct. 3-5, 1988).

Kawatsura, K., Yamazaki, Y., Komaki, K., Kanai, Y., Sataka, M.,
Naramoto, H., Nakai, Y., Kuroki, K., Fujimoto, F., Kambara, T.,

Awavya, Y., and Stolterfoht, N.

Zero-Degree Electron Spectroscopy in Energetic Ion-Atom Collisions (1)
Annual Meeting of the Physical Society of Japan in Hiratsuka (Mar. 28-

31, 1989).
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Kawatsura, K., Sataka, M., Naramoto, H., Nakai, Y., Yamazaki, Y.,
Komaki, K., Kuroki, K., Karai, Y., Kambara, T., Awaya, Y. and
Stolterfoht, N.

Angular Momentum Distribution of Autoionizing Rydberg States Produced by
64 MeV S Tons in Collisions with C Foils

13th Int. Conf. on Atomic Collisions in Solids in Aarhus (Aug. 7-11,

1989) .
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Kinde, T. and Iwamotec, A.
Dynamical Fission Path as Multidimensional Quantum Decay Problem
Fifth Int. Conf. on Clustering Aspects in Nuclear and Subnuclear

Systems, Kyoto (July 25-29, 1988).
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¥indo, T. and Iwamoto, A.
Nuclear Fission as a Multi-Dimensional Quantum Decay Problem

Autumn Meeting of Physical Society of Japan in Matsuyama (Oct. 3-6,
1988).

Kusakari, H., Oshima, M., Sugawara, M., Ono, Y., Inamura, T.,
Hashizume, A., Minehara, E., Ichikawa, S. and Timura, H.

Multiple Coulomb Excitation of Er and Nd nuclei

Spring Meeting of Physical Scciety of Japan in Hiratsuka (Mar. 28-31,

1989).
T

Maeta, H., Larson, B.C., Sjoreen, T.P., Oen, 0.S5 and J.D. Lewis, J.D.

Interstitial and Vacancy Loops in Ion-Trradiated Copper

Autumn Meeting 88 of MRS Boston, USA (Nov. 1988).

Minehara, E., Nagai, R. and Takeuchi, M.
Possible Application of High Tc Superconductors to Accelerator
Components

The 13th Linear Accelerator Meeting in Japan, Tsukuba (Sept. 7-9}.

Minehara, E., Nagai, R. and Takeuchi, M.

High Tc Superconducting Magrnetic Shield for Nb Superconducting
Cavity Resonator

Autumm Meeting of the Physical Society of Japan in Matsuyama

(Oct. 3-6, 1988).

Minehara, E., Nagai, R. and Takeuchi, M,

Fabrication and RF Properties for High Tc Superconducting
Waveguide, Coaxial Cable, and Cavity Resonator made of YBapCuj07-d
Spring Meeting of the Physical Society of Japan in Hiratsuka

(Mar. 28-31, 1987).

Minehara, E., Obana, H., Nagai, R, and Takeuchi, M.

Fabrication of High Tc Superconductor utilizing Oxygen Gas Plasma
Spray Painting with Aqueous Spraying Materials

Spring Meeting of the Japan Society of Applied Physics and Related
Societies in Chiba (Apr. 1-4, 1989).
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Ming-Jing, D. Takahashi, N., Yokoyamz, A,, Baba, H.,, Baba, S.,
Hata, K. and Nagame, Y.

12¢-Induced Fission of 233U, 235y and 238y

The 32th Sym. on Radiochemistry in Tokai (Oct. 3-5, 1988).

T

Mitamura, T., Kawatsura, K,, Koterazawa, K., Iwasaki, H., Nzakai, Y.
and Terasawa, M.

Ton Beam Analysis of Single Crystal Austenitic Stainless Steel

7th Symposium on Ton Beam Technology, Hosei univ. at Hosei University
in Koganei (Dec. 9-10, 1988).

v

Mizumoto, M.

On the Concept of an Energy Selective Neutron Source for Materials
Irradiation Studies

IFMIF Work Shop for the International Energy Agency in San Diego
{Feb. 10-13, 1989).

Nagai, R., Shimoizumi, M., Tekeuchi, M. and Minehara, E.
Fabrication of High Tc Superconductor utilizing Oxygen Gas Plasma
Spray Painting Method

Autumn Meeting of the Japan Soclety of Applied Physics and Related

Societies in Toyama (Cct. 4-7, 1988).

Nagame, Y., Tkezoe, H., Baba, S., Hata, K., Sekine, H., Ichikawa, S.,
Ideno, K., Yokoyama, A., Hatsukawa, Y. and Ohtsuki, T.

Large Fragment Emission from the Bighly Excited Compound Nucleus 1054
The 32th Symposium on Radiochemistry in Tokai (Oct. 3-5, 1988).

T

Naramoto, H. and Kazumata, Y.

Ion Beam Analysis of Solid Materials

Int. Sym. on Advanced Nuclear Energy Research "Near-Future Chemistry
in Nuclear Emergy Field" in Ooarai (Feb. 1989).

T V
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Noda, K., Ishii, Y., Matsul, H., Ohno, H., Watanabe, H.

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

1st Int. Sym. Fusion Nuclear Technology in Tokyo (Apr. 10-19, 1988).
T

Noda, K., Ishii, Y., Ohno, H., Watanage, H. and Matsui, H.
Irradiation Effects on Ion Conductivity of Lithium Oxide
2nd Sym, Fabrication and Properties of Lithium Ceramics, American

Ceramic Scciety in Indianapolis (Apr. 23-27, 1989).

Oshima, M., Tchikawa, S., Iimura, H., Minehara, E., Kusakeri, H.,
Inamura, T., Hashizume, A. and Sugawara, M.

The Ground-State Rotational Bands of 157¢d and 173yb

Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct, 3-6,
1988).

T

Oshima, M.

Signature Dependence of Electromagnetic Transition Probabilities in
0dd=-A Ruclei

INS Sym., on Rotation and Vibration of Atomic Nuclei Tokyo, (Dec. 8-9,
1988)

T

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

Mass Division of Proton-Induced Fission in Actinides

Spring Meeting of the Physical Society of Japan in Kohriyama (Apr. 1-3,
1988},
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45,

46.

Ohtsuki, T., Sueki, X., Hatsukawa, Y., Nakahara, H., Shinchara, N. and
Nagame Y.

Low-Energy Nuclear Fission of Actinide Elements

Fifth Int. Conf. on Clustering Aspects in Nuclear and Subnuclear
Systems in Kyoto (Jul, 25-29, 1988).

T

Sawamura, M.
Beam Dynamics of JAERI FEL Linac
7th Meeting of Light Source Development, Institute for Molecular

Science, (Feb. 14, 1989).

Shinohara, N., Ichikawa, S., Iimura, H. and Tsukada, X.
Separation and Measurement of Short-Lived

Nuclides with SISAK

The 32nd Symposium on Radiochemistry in Tokai (Oct. 3-5, 1988).
T

Shinohara, N., Alstad, J., Baba, 8., Fujiwara, Il., Ichikawa, 5.,
Timura, H., Otsuki, T., Tsukada, K. and Umezawa, H.

A Study of Short-lived Ruthenium Tsotopes Produced in the Spontaneous
Fission of 232¢f using SISAK

Tnt. Sym. on Advanced Nucl. Erer. Res. "Near-Future Chem. in Nucl.
Ener. Field" in Oarai (Feb, 15-16, 1989).

T

Sugimoto, M.

Design of the Electrode Shape of the Injection gun for the JAERI Free
Electron Laser

Proc. of the 13th Linear Accelerator Meeting in Japan, in Tsukuba

(Sept. 7-9, 1989).

Sugita, M. and Otsuka, T.

The spdf Boson Model and Phase Transition from Y3 Deformed to Y3
Vibrational Spring Meeting of the Physical Society of Japan in
Kooriyama (Apr. 1, 1988).
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Sugita, M., Otsuka, T. and Gelberg, A,
Devydov-Filippov Limit of the IBM ‘
Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct. 6,

1988).

Sugita, M.

Deformation and Shape-Coexistence in z Mzss Range around A=80

Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct. 6,
1988).

Sugiyama, Y., Tomita, Y., Ikezoe, H., Ideno, K., Fujita, H.,
Sugimitsu, T., Kate, N, and Kubono, 5.

Effect of Transfer Reactions Observed in Elastic Scattering of
2851458,6%4N1 near the Coulomb Barrier

Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct.
1988) .

T

Takeuchi, 5., Ishii, T., Ikezoe, H., Ohkubo, M. and Ishii, M.
Development of the JAERI Tandem Superconducting Booster

Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct.
1688).

T

Tsukada, K., Sueki, K., Kobayashi, T., Otsuki, T., Nakahara, H.,
Shinohara, N., Tchikawa, S., Kobayashl, Y. and Hoshi, M,
Development of On-line Rapid Chemical Separation System (II)

The 32nd Symposium on Radiochemistry in Tokai (Oct. 3-3, 1988).
T

Yamanouchi, Y., Sugimoto, M., Chiba, S., Mizumoto, M., Watanabe, Y.
and Hasegawa, K.

Elastic and Inelastic Scattering of 28.15 MeV Neutrons from 12¢,
Autumn Meeting of the Physical Society of Japan in Matsuyama (Oct.
1988y,

T
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Yamanouchi, Y., Sugimoto, M., Chiba, S., Mizumoto, M., Watanabe, Y.
and Hasegawa, K.

Neutron Scattering Cross Sections and Partial Kerma Factor on 12¢
Annual Meeting of the Atomic Energy Society of Japan in Osaka (Apr.
4--6, 1989).

T

Yoshikawa, H., Sawamura, M,, and Sugimoto, M.
Design Study of JAERI-FEL
0QD-89-18. Conference of Photo-quantum Device, IEEJ (1989).
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