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PREFACE

This report covers research and development activities which have been
conducted with TIARA (Takasaki Ion Accelerators for Advanced Radiation
Application) during the period from April 1994 until March 1995, and also
gives an outline of the operation and utilization of TIARA in the same
period.

All accelerators of TIARA, i.e. the AVF cyclotron, the 3MV tandem
accelerator, the 3MV single-ended accelerator and the 400kV ion implanter,
have been operated satisfactorily through the period, despite the latter
two accelerators being new instruments after their start of operations for
research activities in January 1994. This is the first report on R 8 D
activities under full operation of TIARA.

The Fourth TIARA Research Review Meeting was held on June 28 and 29
1995 at Tokyo, of which subjects were reported in this issue. 23 oral and
44 poster papers, and one invited lecture were presented; 188 persons
including 113 from outside of JAERI participated the meeting. In contrast
with the earlier meetings, numerous results of TIARA utilization were
presented, suggesting the TIARA is now becoming a fruitfull facility.
We owe this to advices of the Consultative Committee for the Research and
Development of Advanced Radiation Technology, the Consultative Committee for
the JAERI-Universities Joint Research Project, the TIARA General Program
Committee, and their subcommittees.

I sincerely hope the utilization of TIARA will be more prosperous and
successful in coming years.

Ryuichi Tanaka
Director
Advanced Radiation
Technology Center,
Takasaki Radiation Chemistry
Research Establishment
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EVALUATION OF SINGLE EVENT UPSETS INDUCED IN RAMs
BY HEAVY ION IRRADIATION

Norio NEMOTO*, Ichiro NA1TO*. Sumio MATSUDA*,
Hisayoshi ITOH**, Toshio HIRAO**, and Isamu NASHIYAMA**
^National Space Development Agency of Japan (NASDA)
**Department of Materials Development, JAERI

I. INTRODUCTION
Semiconductor devices, which are

essential parts in artificial satellites and
spacecraft, are degraded by radiation in
space. It is well known that the
impingement of high-energy heavy ions
on semiconductor devices causes single
event phenomena like upset and latch up.
For space application of memory devices
such as RAMs, it is important to acquire
ground data on single event upsets
(SEUs) by using accelerators. The
obtained data give useful information on
the reliability of electronic system to be
assembled in artificial satellites and
spacecraft.

In recent years, the decrease in the
cost of spacecraft has been discussed and
much effort has been made to reduce the
cost of missions in space. From this
policy, it has been a growing interest in
the use of commercial devices in
spacecraft. For the success of this
application, it is indispensable to test the
radiation tolerance of commercial devices.
A new single event phenomenon called
multiple bit upset (MBU) has been found
in highly integrated memory devices.
When a heavy ion impinges on a
transistor cell, it induces an electrical
disturbance in nearby cells. This
disturbance causes simultaneous upsets
of several memory cells, i.e., MBU in a
memory device. Because the MBU rate
is increased with increasing memory cell
density, attention should be focused on
this phenomenon for space application of
highly integrated devices.

In this study, we have performed the
SEU and MBU tests on several kinds of
memory devices, by using the AVF
cyclotron at JAERI Takasaki.

II. EXPERIMENTAL PROCEDURES
The samples used for the SEU tests

were commercial 16Mbit-DRAMs and
4Mbit-SRAMs. To test MBU, we used
256kbit-SRAM devices qualified by
NASDA for space use and commercial

IMbit-SRAMs. These samples were
irradiated with 120MeV-Ne6+, 260MeV-
Ne?+, 330MeV-Ar11+, and 520MeV-
Kr20+ from the AVF cyclotron. Particles
emitted from 241Am were also used for
our irradiation tests. We measured both
the number of cells in which upset
occurred due to ion irradiation and the
fluence of the ions. From these data we
derived the upset rates for each memory
device under several irradiation
conditions. For example, see the flow
chart of MBU tests shown in Figure 1.

III. RESULTS AND DISCUSSION
SEU tests of commercial DRAMs

The rate of upsets caused by ion
irradiation depends on the linear energy
transfer (LET) of the ions in
semiconductors[l]. The threshold LETs
and the saturated cross-sections obtained
for the 16Mbit-DRAMs and for the
4Mbit-SRAMs are shown in Table 1. It
was found that the threshold LETs and
the saturated cross sections related to the
16Mbit-DRAM were smaller compared to
the 4Mbit-SRAM. This results indicate
that the 16Mbit-DRAMs used in this
experiment exhibit more radiation
sensitivity than 4Mbit-SRAM.

MBU tests of SRAMs
The results of MBU test using

520MeV-Kr20+ ions are shown in Table
2. In the table, the number of bit error
means how many bit errors occurred
simultaneously by the impingement of a
heavy ion on a transistor cell. This test
was continued until SEU occurred for
100 times. As the irradiation angle was
inclined from the normal direction, the
MBU rate and the number of bit error
were found to be increased. This result
can be explained by the increase in the
sensitive area crossed by a heavy ion and
the increase in the LET of the ion. The
MBU tests on the 256kbit-SRAMs and
on the IMbit-SRAMs in which the

- 3 -
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density of memory cells is increased
showed that the MBU rate of the IMbit-
SRAMs was higher than that of the
256kbit-SRAMs. It was also found that
MBU rate was increased with increasing
the density of memory cells.

IV. SUMMARY
It was found in this experiment that

the commercial 16Mbit-DRAMs exhibit

more radiation sensitivity than 4Mbit-
SRAMs. The MBU rate was also found
to be increased with increasing the
density of memory cells and the ion beam
irradiation angle.

REFERENCES
1)1. Naito, T.Tamura. H.Itoh et al.,
JAERI TIARA Annual Report. Vol. 3
(1994)9

\
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Table 1 Threshold LET and saturated cross-section
of 16Mbit-DRAM and 4Mbit-SRAM

Fig. 1 MBU test flow chart
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-
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1 . 2 Single-Event Current Transient Waveform under Heavy Ion
Irradiation on p+n Junction.

Toshio HIRAO, Toshiji NISHIJIMA*, Tomihiro KAMIYA, Tamotsu SUDA,
Sumio MATSUDA**, Ichiro NAITO**, Noboru SHIONO***, and Isamu
NASHIYAMA
Department of Materials Development, JAERI
* Electrotechnical Laboratory
** National Space Development Agency of Japan
*** Reliability Center for Electronic Components of Japan

1. INTRODUCTION

The understanding of charge collection
phenomena under heavy ion irradiation into
semiconductor devices is essential in
developing single-event hardened integrated
circuits. We have developed a measurement
technique to observe directly a ultra-fast
current transient waveform by combining a
wide-band digital sampling technique with a
heavy-ion microbeam. In the present study,
we focus our investigation of the effect of
heavy ion species on the transient waveform
and the experimental separation of drift,
funnel, and diffusion in current transient
phenomena.

2. EXPERIMENTAL METHOD

Specimens used in the experiments
were Si p+n junctions with various substrate
structures and junction layouts as shown in
Table 1.

In measuring ultra-fast current
transients, a high speed and wide bandwidth
measurement circuit was developed, which
consists of a high speed digital sampling
oscilloscope with 50 GHz bandwidth, a wide
bandwidth (40 GHz) bias tee, coaxial cable,
connectors, and a super conducting delay
line.

In addition, a bare chip of p+n junction
was mounted in a chip carrier designed in the
micro strip line concept to minimize the
distortion of high speed waveform.

Heavy ions used were 15 MeV carbon
(C) ions and 3 MeV Helium (He) ions which
were generated by ion microbeam equipment
attached to a tandem electrostatic accelerator.
The microbeam was about 1 urn in diameter
and beam intensity was chosen as low as
200-500 ions/sec.

Table 2 shows ranges and LETs of 15
MeV C ions and 3 MeV He ions in Si.

3. RESULTS AND DISCUSSION

3.1 Risetime of transient current waveform
Around 40 ps risetime was observed in

all the transient waveforms regardless of test
sample structures. This fast rise time
observed is considered to be a verification of
the bandwidth of the entire measurement
system. The obtained value of 40 ps risetime
realized in the present measurement system
is one of the fastest risetime ever reported.

3.2 Effect of ion species
Figure 1 shows the comparison of the

transient current waveforms for 15 MeV C
and 3 MeV He ions irradiation on the Si-EP
sample. The waveforms are normalized at
their peak currents. Obviously, charge
collection time in the current transients for C
ions is about twice as long as that for He
ions. This is the direct experimental
evidence of the theoretical prediction that
longer charge collection time is needed for
heavier ions. The reason of this phenomenon
has not been well understood yet, although
several models have been proposed.

3.3 Separation of current components
Transient current is known to be

composed of drift, funneling, and diffusion
components. We tried to separate these three
components experimentally.

3.3.1 Drift and funneling components
To separate the effect of drift and

funneling, we applied two different cases of
experimental conditions by comparing the
ion range with the depletion width which
varies with bias voltage negatively applied

- 5 -
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across the p+n junction in the low impurity
concentration Si-SSD sample.

The case (a ) is that the ion range is
longer than the depletion layer width, and the
case (b) is that the range is shorter than the
depletion layer width. In the former case,
both drift and funneling may be observed,
while in the latter case only drift may be
observed.

Figure 2 shows the experimental
comparison of current waveforms for two
cases, where the waveforms are normalized
at the peak. It is clearly seen that collection
time for the case (a) is about twice as long as
for the case (b). This indicates that longer
collection time is need for funneling.
Considering that funneling is the current
collection process occurred in the deeper
region than the original depletion layer
region, the result of the present experimental
observation is reasonable.

3.3.2 Diffusion component
To separate the effect of diffusion from

drift and funneling, we made current
waveform measurement by moving the
position of micro-ion beam irradiation across
the p+ region in the Si 3-finger sample.

The diffusion current is considered to
become dominant with the increase in the
distance of irradiation position from the
junction. Figure 3 shows the waveforms for
the irradiations at the center of the p+n
junction (RP+ 6|im) and at 3|im away from

the edge of the junction (RP+ 30|im). This
clearly shows that the peak current
component caused by drift and funneling
disappears at RP+ 30jim and only the broad
waveform associated with diffusion current
remains. The broad current waveform due to
diffusion was observed when the position of
ion beam incidence was within about 3 fim
away from the junction edge.

4. SUMMARY

Fast current transient measuring system
is successfully implemented for observing
heavy ion induced current in semiconductor
devices. Longer collection time is found to
be needed for heavier ion irradiation. The
difference in current transient waveform
among drift, funneling and diffusion is
shown experimentally.

Table 1.

Sample name

Si-SSD

Si-EP

Si-3Finger

Sample list

Doping level

lxl01 4cnT3

lxl01 6cnT3

lxl01 6cnT3

Table 2. Range of LET of He and C ions in Silicon

Ion

Range (urn)

LEKMeV/mg/cm2)

Carbon

ISMeV

14.0

4.13

Helium

3MeV

11.7

0.84

- 6 -
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Collimation of Heavy Ion Beam Produced by Cyclotron for
Single-Event Measurements

Isamu NASHIYAMA, Toshio HIRAO, Hisayoshi ITOH, and Takeshi
OHSHIMA
Department of Materials Development, JAERI

1. INTRODUCTION
Among various kinds of experimental

studies using swift heavy ions, the most
attractive one is on channeling ion-solid
interactions in crystalline solid. Though it
has not been well investigated yet,
channeling effects on Single-Event(SE)
phenomena will be an importani factor to be
considered for an accurate evaluation of the
SE tolerance of electronic devices for space
applications. Since highly collimated ion-
beams are indispensable for channeling
experiments, we have developed a technique
to collimate heavy ion beams accelerated by
the TIARA cyclotron.

2. EXPERIMENTAL METHOD
We used 520MeV Kr2 0 + ion beams

from the AVF cyclotron and two double slits
on HE1 and HE2 beam lines for the beam
collimation. Distance between the two
double slits is 1064cm as shown in Fig.l. By
applying a 2mm x 2mm aperture to the HE1
double slits and a lmm x lmm aperture to
the HE2 double slits, we expect a geomet-
rical beam divergence to be 0.017 degree.
Experimentally, the beam divergence was
evaluated from the critical angle of
channeling using thin single crystal samples.
Since the beam intensity was not high
enough for back-scattering measurements of
channeling, the transmission method was
performed, which was good also to avoid
serious radiation damage introduced during
measurements.

Samples used were a thin single crystal
silicon (Si) wafer with 55um thickness and a
thin cubic silicon carbide (3C-SiC) film with
30 fim thickness. Both samples have the
(100) surfaces. The samples were installed
on a 3-axes and 1-linear motion goniometer
in a vacuum chamber1). Energy spectrum

and fluence of the ion beam after passing
through the sample were measured with a
partially depleted silicon surface barrier
detector (SSD). The highest current of the

collimated beam obtained was 20pA at the'
sample position. After the collimation and
the alignment of the beam were completed,
intensity of the beam current was attenuated
to be less than 1 fA by a beam degrader for
the transmission channeling measurements.

3. RESULTS
Figure 2 shows the energy spectra of

520MeV Kr2 0 + ions after passing through
the Si sample. A spectrum directly measured
by the SSD without the sample is indicated
by "D", and those for aligned (channeling)
and random incidence are indicated by "A"
and "R", respectively. From the result, we
can say that channeling phenomenon is
observed using Kr20+ ion beams collimated
by the present slits system. However, for
actual transmission channeling experiments
much thinner samples are needed in order to
reduce the energy straggling.

Figure 3 shows the energy spectra for
the 3C-SiC sample. Since range of 520MeV
KJ20+ i o n s j n siC is shorter than the sample
thickness in random (off-axis) directions, the
both spectra correspond to the channeled
component of the ion beam along the <100>
axis of the crystalline 3C-SiC sample. The
difference of the two spectra shown is mostly
due to the slight change in the incident angle
of the beam.

Figure 4 shows a dip-curve for the
transmission channeling of 520MeV Kr20+

ions along the <100> axis in 3C-SiC. The
critical angle of channeling is obtained to be
0.225 degree from the FWHM of the dip-
curve. Considering that the theoretical value
of the critical angle for 520MeV Kr20+ ions
in 3C-SiC <100> axis is 0.106 degree at
room temperature, the actual beam
divergence is estimated to be larger than 0.1
degree. This value is much larger than the
geometrical value of the beam divergence.
Therefore, further improvement of beam
collimation technique is necessary for more
accurate channeling experiments.
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4. SUMMARY
Using a pair of double slits on HE1 and

HE2 beam lines, 520M.eV Kr20+ ions beams
were collimated for channeling experiments.
Beam divergence is evaluated by the
measurements of the critical angle for 3C-
"•'-C <100> axial channeling, and found to be
low enough for channeling experiments. For
more accurate channeling measurements,
further improvement of beam collimation

techniques is necessary.
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1 • 4 Radiation Effects of Solar Cells for Space Use -11
Osamu KAWASAKI*. Sumio MATSUDA*
Yousuke M0R1TA**, Takeshi OHSHIMA**, Isamu NASHIYAMA**
*National Space Development Agency of Japan (NASDA)
**Department of Materials Development, JAERI

I . Introduction

Space solar cells are used as electric
power sources for satellite systems. Electrical
performance of solar cells degrades with time
because of space radiation in the space
environment. Degradation of electrical
performance depends on the kind of radiation,
its energy and fluence. When we use solar
cells in space, it is important to know their
resistance to irradiation. We have performed
irradiation tests using the JAERI AVF
cyclotron to investigate radiation effects on
solar cells. Si and GaAs solar cells were
irradiated with protons. In this paper, we
describe the results of new irradiation tests in
which we simultaneously irradiate cells with
protons and pseudo-sunlight which is
approximated to Air Mass 0 (AMO) spectrum
by using solar simulator. We also present the
degradation dependence of Si solar cells on
proton energy based on results from using
the 3MV tandem accelerator.

II. Experiments

2.1 Solar Cells
The tested samples were silicon solar

cells with a Back Surface Field and Reflector
structure (Si BSFR) and Gallium Arsenide
(GaAs) solar cells which were both qualified
by NASDA. The Si BSFR solar cells are 2cm
X 2cm and 50\im thick. GaAs solar cells
made by Liquid Phase Epitaxy (LPE) method
are 2cm X 2cm and 200 urn thick. Neither
cells have cover glasses.

2.2 Irradiation Method
We utilized the AVF cyclotron for 10

MeV proton irradiation tests and the 3MV
tandem accelerator for lower energy proton

tests. Using the AVF cyclotron, we
simultaneously irradiated cells with protons
and pseudo-sunlight. Figure 1 shows the
schematic drawing of the test chamber. We
soldered probes on electrodes of solar cells
to measure their electrical performance
during irradiation, and fixed them to a 10cm
X 10cm aluminum board with double-side
adhesive tape (Figure 2). We used kapton
tape to isolate from the aluminum board. We
adjusted the proton beam shape to about lcm
diameter and scanned the 4cm X 10cm
region. Irradiation test was conducted at
intensities of up to 1014 proton/cm2 to
simulate the exposure a satellite would
receive in the Van Allen radiation belts. We
measured the beam charge in order to
determine ion fluences, which was calculated
by subtracting the secondary electron charge
from the measured beam charge. The
secondary electron charge was about 10% of
the total charge.

We obtained the degradation
dependence of Si solar cells on proton energy
by using the 3MV tandem accelerator. The
acceleration energies were 1, 2, 3, 5 and
6MeV. We adjusted proton beam shape to
about 5mm diameter and scanned the 4cm
X 4cm region. Solar cells were fixed to a
5cm X 10cm aluminum board with double-
side adhesive tape. Electrical performance of
these solar cells was measured after
irradiation.

11. Test Results

3.1 Simultaneous Irradiation
Figure 3 and 4 show the results of

simultaneous irradiating protons and pseudo-
sunlight. The Figures show the fluence

- 11 -
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dependence of normalized electrical
performance for Si and GaAs. Electrical
performance parameters are short circuit
current (Isc), open circuit voltage (Voc) and
maximum power (Pmax). As expected, the
normalized electrical performance degraded
as fluence increased. However, it was
interesting to note that the normalized Isc for
Si increased as fluence increased from 3 X
1013 to 1 x io14 p/cm2, then dropped
suddenly as fluence increased further. This
new phenomenon has not been reported
before. The phenomenon can not be
explained exactly, but one possible process of
the increase in normalized Isc is that the
excited carriers which move to the
conduction band through the defect level
according to multi-photon process. The
increase in normalized Isc is not observed in
GaAs solar cells.

3.2 Degradation Dependence on Proton
Energy

By comparing fluence at the 75%
normalized electrical performances in Si
50um solar cells, we obtained the relative
damage coefficients with respect to lOMeV
proton(Figure 5). The front surfaces of cells
were irradiated by protons. The relative
damage coefficients increased with
decreasing proton energy because many
defects formed where protons stop. This
agrees well with data in the JPL Solar Cell
Radiation Handbook0. For 50jam thick Si
solar cells, protons below 2MeV energy stop

Solar simulator

in the cell. However when irradiated from the
back surface, these protons have too little
energy to reach the PN junction and cause
little degradation damage. Thus, it is difficult
to expect degradation of electrical
characteristics when proton energy is below
2MeV.

IV. Conclusions
We irradiated solar cells with high

fluences as might be received by a satellite
which remains for a long time in Van Allen
radiation belts so that we could clear the
electrical behavior of solar cells. The
normalized Isc first decreases with increasing
radiation fluence, then increases, then finally
drops suddenly as fluence increases. The
normalized electrical performance of GaAs
solar cells differs from that of Si solar cells.
The normalized Isc is relatively unaffected
and does not drop suddenly as do the Si solar
cells. Further, we obtained degradation
dependence of Si solar cells on proton
energy.
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1 . 5 Proton Irradiation Effects of Amorphous Silicon
Solar Cell for Solar Power Satellite!II)

Y. Morita, S.Sasaki1, A. Ushirokawa'-
Dep. of Materials Development, JAERI, Institute of Space and
Astronautical Science(ISAS), Tokyo Engineering Univ.2

Introduction
The plan of the Solar Power

Satellite named SPS 20001) is made
as a conceptual design for a 10
MWatt scale satellite at ISAS. It
aims to demonstrate the feasibility
of the SPS as an energy system in
terms of whether it will resolve
the problems of the global en-
vironment and energy. For the SPS
2000, amorphous silicon(a-Si) solar
cell, a thin film type developed for
ground use, is selected as a poten-
tial candidate for its power
generator, because of convenience
of transportation from ground, and
assembly in space.

Amorphous-Si solar cells have
not used before in space, owing to
their photodegradation, and low
conversion efficiency compared
with those of the crystalline cells.
However, as a high conversion
efficiency over 10% was achieved
in recent development of ihe a-Si
solar cells, the studies of radiation
resistance of the a-Si solar cells
comes to be reported for the
purpose of using in space2).

In this report, the radiation
resistance of a-Si solar cells, which
is very important problem in the
realization of SPS 2000 plan, was
studied by a simultaneous irradi-
ation of 10 MeV proton beam and
light of a solar simulator.

Experimental
l:ig. 1 shows a schematic diagram

of the simultaneous irradiation
system for the a-Si cells. Incident
angles of proton beam and light
beam(l solar in Air mass 0) of the
solar simulator to the solar cell
samples were right and 40.5
degree , respec t ive ly . The
irradiation of proton(10 MeV) to
the solar cells was carried out by
scanning the lcm<j> spot beam (80-
500nA) in the area of 10x10 cm2.

The electric output power
(Pmax=(lxV)max) of the solar cells
was measured by the instrument of
I-V measurement system, which is
connected to the solar cell samples.
Fig. 2 shows the schematic diagram
of the cross section of a flexible a-
Si solar cell(size: 113x120x0.2
Sanyo Elec. Co., Ltd.) used in this
test. The a-Si cell was deposited on
poly-ethylene-terephthalate(PET)
film (0.05mm thick) by chemical
vapor deposition (CVD) method. A
thickness of p-i-n junction of the
cell is as very thin as ca. Him.
Single crystalline silicon (c-Si)
solar cell(size: 20x20x0. lmm 3,
Sharp Co., Ltd.) was used as
references for the a-Si solar cell.

Results and Discussion
Fig. 3 shows the relative

retentions of Pmax of the a-Si and
the c-Si solar cells, which were
irradiated simultaneously by 10
MeV proton and light from the
solar simulator. The twice irradi-
ation tests were performed for a-Si
cells and c-Si cells, respectively.
The results indicate that the a-Si
cells have a higher radiation
resistance over 180 times than the
c-Si cells. One of the reasons for
the higher resistance could come
from extremely thin structure of
active layer(p-i-n junction) in the
a-Si cell.

The equivalent damage fluence
during 1 year for SPS 2000 on the
1 100 km equatorial orbit is
estimated as 2.L\i0l0protons/cm2

at 10 MeV, which is calculated for
crystalline Si solar cell referring
to the Solar Cell Radiation Hand-
book by NASA JPL3). The a-Si solar
cell tested are degraded typically
by ca. 1% with the fluence of
2xl012proton/cm2 at lOMeV,
which corresponds to the total

- 14 -
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fluence for the SPS 2000 during
over 100 years. But, if the c-Si solar
cell is adopted for the SPS, the
fluence(2xl0l 1 protons/cm-) at
16% degradation of the Pmax in c-
Si cell corresponds to the total
fluence for the SPS 2000 during 10
years. However, as high energy
protons pass through the thin a-Si
cell, it is necessary for the a-Si cell
to be tested by irradiations of lower
energy protons, which are stopped
in the p-i-n junction of the cell.

Fig. 4 shows the recovery of
Pmax of the irradiated a-Si cells
after storing them at ambient tem-
perature. Pmax of the a-Si cells ir-
radiated by proton recovered
rapidly immediate after the irradi-
ation, and gradually 3-4% of its
retention in the term of 40 days.
Total recovery of the Pmax on a-Si
cell is 7-8% for each irradiation
level. In the same irradiation and
storing conditions, Pmax of c-Si
cell samples do not recover at all.
In c-Si solar cell, degradation of its
electrical proper ty by the
irradiation is caused by formation
of the various defects in silicon
crystalline. The most of these
defects arc not annealed at
ambient temperature region. On
the other hand, degradation of a-Si
solar cell is caused by formation of
Si dangling bonds which are
generated by breaking Si-Si and
Si-H bonds in a-Si by electronic
interaction between proton and
atoms in a-Si. As these dangling
bonds react with hydrogen
generated by the irradiation of

PET"4), and migrated in a-Si, it is
considered that the degradation of
the Pma.x in the irradiated a-Si
solar cells recover rapidly at
ambient temperature.

Conclusion
The effects of the high energy

proton(10 MeV) irradiation on the
a-Si solar cells which are the
potential candidate for SPS 2000
have been investigated by the
method of the simultaneous
irradiation of proton beam and
light from the solar simulator. It
has been found that the a-Si solar
cell has a higher radiation
resistance than the c-Si cell. And,
the electric property of the a-Si
cell recovered rapidly immediate
after irradiation at ambient
temperature. From these results,
the irradiation effects of the a-Si
cell are completely different from
those of the c-Si cell.

For SPS 2000, it is concluded
that the a-Si solar cells are quite
promising for SPS use if the
conversion efficiency and a
pholodegradation is improved as is
now expected.
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1 . 6 STUDY OF ION-BEAM INDUCED LUMINESCENCE IN

SEMICONDUCTOR SILICON CARBIDE

Hisayoshi ITOH, Takeshi OHSHIMA, Toshio HIRAO,
and Isamu NASHIYAMA
Department of Materials Development, JAERI

I. INTRODUCTION
The impingement of high-energy ions

on semiconductors generates dense electron-
hole pairs along ion tracks. These electron-
hole pairs give rise to single event
phenomena such as soft-error, latch up, and
burn-out in semiconductor devices.1-2) The
concentration of electron-hole pairs induced
by ion irradiation depends on the band gap
of semiconductors, i.e., the number of
electron-hole pairs decreases with increasing
the band gap. Thus, the generation of single
event phenomena in electronic devices is
thought to be suppressed by fabricating those
devices with wide band-gap semiconductors.

Silicon carbide (SiC), which has a band
gap of =3eV, is considered a superior
candidate material for electronic devices
used in radiation environment due to its
excellent electrical and physical properties in
comparison with other wide band-gap
semiconductors. In fact, SiC-MOS and MES
structures were reported to have higher
radiation tolerance than Si-MOS and MES
structures.3-4) In contrast to the total dose
effects, little is known about single event
effects on SiC devices. For the application of
SiC to electronic devices in which the
generation probability of single event
phenomena is reduced significantly, it is
important to clarify electronic excitation and
relaxation processes occurred in SiC by ion
irradiation. In this study, our attention is
focused on radiative recombination of
electron-hole pairs excited in SiC by high-
energy heavy ions. The study of the
relaxation processes accompanied with
luminescence gives us the information about
the density and lifetime of electron-hole
pairs induced by irradiation. The knowledge
of defects in the material is also obtained
from the analysis of luminescence data.

In this paper, we show the results of
ion-beam induced luminescence in 3C-SiC
and 6H-SiC by 175MeV-Ar8+ ions
accelerated by the AVF cyclotron. Also, we

discuss the recombination processes of
electron-hole pairs in these samples.

II. EXPERIMENTAL PROCEDURES
Samples used were single crystalline

3C-SiC with *30\im thickness and 6H-SiC
with the thickness of sO.3mm. The 3C-SiC
samples were grown on Si substrates at
1400°C by chemical vapor deposition. 5) The
6H-SiC samples were grown by modified
Lely method. These samples were mounted
on a cryostat holder on a two-axes
goniometer installed in a chamber HE1.
Details of the vacuum chamber HE1 have
been described in a previous paper.6) These
samples were irradiated with 175MeV-Ar8+

with the beam current l-3nA. The
temperature of samples was kept at 50K
during irradiation. Ion-beam induced
luminescences were obtained by measuring
photons emitted from samples during
irradiation. The transient intensity of emitted
photons and their energy profile were
observed by a monochromator (Jovin Yvon
HR250) and a streak camera system
(Hamamatsu C1587/C3140), which has a
detection region of photon wavelength 200-
850nm. Details of the optical measurement
system were shown in a previous report7). In
the time-resolved optical measurements, the
trigger signals of the AVF cyclotron and/or
the P-choppcr were used as a trigger signal
to start acquiring data.

III. RESULTS AND DISCUSSION
Figures l(a) and l(b) show typical

luminescence spectra induced in 3C-SiC
samples at 50K by 175MeV-Ar8+

irradiation. A broad band at ~700nm and a
weak band at s=550nm were observed. Here,
the former and latter peaks are labeled Ac
and Be, respectively. Since the mean ion
depth of 175MeV-Ai«+ is =45|xm in SiC,
these ions penetrate to the Si substrate under
a thin 3C-SiC layer. No significant photon
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Fig. 1 Ion-beam induced luminescence spectra for
3C-SiC. The observed wavelength region:
(a)735--". >5nm, (b)580-450nm

emission due to ion irradiation was,
however, observed for Si samples. Thus, the
observed Ac and Be bands are thought to be
emitted from only 3C-SiC

It was reported from photo-
luminescence (PL) measurements of as
grown8) and electron irradiated 3C-SiC9)
that typical PL lines at emission energies
around 1.9eV and 2.3eV were observed in
3C-SiC. We revealed that PL lines around
1.9eV are ascribed to the recombination of
electron-hole pairs via point defects such as
Si vacancies in 3C-SiC.9) PL lines around
2.3eV were reported to be due to impurity
bound exciton (BE).8) The photon energies
of the Ac and Be bands are approximately
1.8eV and 2.3eV, respectively. The photon
energy of Ac is similar to that of the defect
related PL lines, suggesting that the Ac band
results from the recombination of carriers via
radiation induced point defects. The energy
of the Be band agrees well to that of the PL
lines arising from BE. This suggests that the
Be band is originated from the carrier
recombination via impurity BE. Phonons are
probably incorporated in these
recombination processes from the fact that
SiC has an indirect energy-band structure.
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Fig.2 Ion-beam induced luminescence spectrum
for 6H-SiC in the wavelength region 635-
495nm.

A typical spectrum of ion induced
luminescence observed in 6H-S1C is shown
in Fig.2. In contrast to the photon emission
from 3C-SiC, only a broad band labeled AH
at =550nm was observed in 6H-SiC. The
shape of this band is similar to that of the Ac
band in 3C-SiC. Taking account of the
difference in the band gap (=0.5eV) between
6H-SiC and 3C-SiC, it is likely that the AH
band is attributed to the recombination of
carriers via radiation induced point defects.
Figure 3 shows the time-resolved intensity of
the AH band during ion irradiation. The
interval of the obtained signals was
estimated to be 10.2(xs, which is in good
agreement with that of 175MeV-Ar8+ pulses
(10.3 (.is) from the AVF cyclotron. Similar
result was obtained for time-resolved
measurements of photon emission in 3C-
SiC. Taking the time resolution of our
measurements into account, the lifetime of
electron-hole pairs induced in 6H-SiC by Ar
ions is estimated to be shorter than 2^sat
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Fig.3 Time-resolved luminescence-signal induced
in 6H-SiC by Ar ion irradiation.
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50K. It was also found that the intensity of
the Ac, Be, and An bands decreased with the
flucnce of Ar ions. These bands were not
observed apparently after irradiation at doses
above =1013/cm2. These results can be
explained by the generation of non-radiative
recombination channels in SiC by the
irradiation. Further investigations are needed
to clarify the recombination processes of
ion-irradiation induced carriers in SiC.

IV. SUMMARY
We have performed in-situ optical

measurements at 50K of luminescences
induced in 3C- and 6H-SiC semiconductors
by nSMcV-Ar8"1" irradiation. Two
luminescence bands were observed around
=700nm (Ac) and =550nm (Be) in 3C-SiC
samples. The photon energies of the Ac and
Be bands agree lo those of luminescences8-9)
via point defects and impurity bound exciton
(BE), respectively. Thus, it can be concluded
that the Ac and Be bands arise from the
carrier recombination associated with point
defects and impurity BE, respectively. Only
a broad band at =550nm (All) was observed
in 6H-SiC. This band can be ascribed to the
radiative recombination via point defects
from an analogy between the shapes of the
AH and Ac bands. We obtained the time-
rcsolvcd signals of the ion-beam induced
luminescences in SiC samples. The shape of
the timc-rcsolvcd signals observed in 6H-
SiC suggests that the lifetime ol' electron-
hole pairs induced by ion irradiation is
shorter than 2|.is at 50K. The intensity of

these luminescence bands in SiC samples
were decreased with fluence of ions. This
can be interpreted by the generation of non-
radiative defects due to the irradiation.
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1 . 7

Introduction

Local Control of Electrical Resistivity
in Silicon by High Energy Ion Irradiation

II. Akivama, K. Honda, M. Yamawaki
M. Yoshikawa1, T. Ohshima^, Y. Morita*

Mitsubishi Electric Co. Ltd.,
Dep. of Materials Development, JAERI, Takasaki^

High energy ion irradiation in
silicon power devices, such as
power thyristors, has been studied
for improving their characteris-
tics into higher frequency and
lower power loss drives^). Deep
level defects in the band gap of
silicon introduced by ionizing
radiation or charged particles act
as recombination centers of
electrons and holes to reduce a
lifetime of carriers in the
semiconductor, and these defects
are, consequently, useful to
control the lifetime of carriers in
the devices. Especially, when ion
irradiation technique is used to
this application, it is possible to
obtain the various performances
of the lifetime control for high
speed drive on the devices, because
localized defects around the mean
ion depth in silicon are introduced,
and control the lifetime of carriers
around the narrow specified area
of the devices.

In this paper, we discuss the
followings:
(l)Effects of ion irradiation used
metal mask for thyristor (ex-
periment and simulation)
(2)Annihilation phenomena of
silicon defects by heat annealing
process.

Ion irradiation for ihyrislor

Ion irradiation method used
with metal mask (mask irradiation)
is effective to low power loss drive
for middle power device, such as
insulated gate bipolar transistor
(IGBT)2). The thyristor sample of
IGBT(Mitsubishi Co. Ltd.,) were
irradiated by 70x70mm2 scanning
beam of He2+(20McV) ion using
AVF cyclotron at JAERI Takasaki.

The irradiations were carried out
on both side of the thyristor by
using stainless steel metal mask
which has the thickness of 50(xm
for IIe2+ 20MeV for ions not to pass
through the mask, and has holes
with diameter of 140 ^m.

Figure 1 shows schematic
drawing of the most dense defect
area, produced by ion irradiation,
in a cross section of the thyristor
with the mask irradiation and a
irradiation without the mask
(conventional irradiation). In the
mask irradiation, the dense defect
area, corresponding to the lifetime
control area, distributes in N-
region according to mask pattern.
Figure 2 shows the relationship
between on-state voltage of the
thyristor and fluences of He2+. The
on-state voltages in the mask
irradiation are about 1/6-th lower
than that in the conventional
irradiation.

Figure 3 shows the relationship
between on-state voltage of the
thyristor and turn-off time, which
was calculated by device simula-
tion. The turn-off limes in the
mask irradiation arc shorter than
those in the conventional irradia-
tion. In the mask irradiation of the
thyristor, the turn-off times can
be reduced to 69%, compared with
those in the conventional irradia-
tion at the same on-stage voltage
(1.4V). From these results, the
effects of the mask irradiation of
He2+ to IGBT were obtained.

Annihilation phenomena of
silicon defects by heat annealing
process.

To apply the lifetime control
technique to actual device process,
it is important to know the effect
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of heat annealing on a irradiated
device.

Figure 4 shows the relationship
between the on-state voltages and
annealing time of 350C. In this
case, the sample devices arc middle
power diode, and the irradiation
condition is as follow:H+,1.5MeV
;fluences, l x l0 n ~ lx l0 1 3 p/cm2

(tandem accelerator). When the
annealing time is shorter than one
hour, the on-state voltages
decrease rapidly. Figure 5 shows
DI.TS(Deep Level Transient
Spectroscopy) spectra of the irra-
diated diode and the annealed
samples. The irradiated diode has
t h r e e large peaks which
correspond to defects in silicon,
though these peaks should be
analyzed by multiple fitting

method because they are broad,
and do not seem a single peak. By
annealing of one hour, the peaks
disappear except that of /Vccntcr
(complex defects of vacancy and
oxygen impurity). As a defect in
silicon induced by low energy H+

is different from that by high
energy IIe2+, we carry out the heat
annealing to the thyristor samples
which are irradiated by \\e~+ ions.

In further, we also plan to study
the effect of irradiation of high
energy heavy ions for these power
devices.
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1 . 8 ESR Studies of H+ Ion Irradiated Synthetic Diamond Crystals

J. Isoya, S. Wakoh, M. Matsumoto, Y. Morita and T. Oshima
University of Library and Information Science and *
Takasaki Radiation Chemistry Research Establishment, JAERI

1. Introduction

Diamond is a promising material for appli-
cations to electronic or optical devices which
are used in a harsh environment. Although rel-
atively large synthetic diamond crystals of
high-quality are now available as a result of
recent developments in high-pressure synthe-
sis, incorporation of dispersed impurities at the
growth stage is so far limited to only a few el-
ements (N, B, Ni, Si). While p-type semicon-
ducting crystals are easily obtainable by incor-
porating boron, growth of n-type crystals has
not been established yet. To develop applica-
tions of diamond to electronic and optical de-
vices, incorporation of new impurities which
create useful properties such as n-type semi-
conducting crystals is required. Since doping
by thermal diffusion does not seem feasible,
ion implantation is a potential candidate for
introducing new impurities into diamond.
However, impurities which are implanted may
not necessarily be incorporated as isolated
substitutional impurities. Moreover, lattice
damages are created by the irradiation. In
our project, we identify local structure of im-
planted ions and that of implantation-induced
defects by using electron spin resonance
(ESR) technique which is powerful in obtain-
ing detailed structural information of point de-
fects. The purpose of our study is to clarify the
problems of utilizing ion-implantation method
successfully for incorporating impurities into
diamond. We started with high energy H ion
implantation of synthetic diamond crystals.

2 Experimental

Diamond crystals are classified into four

types, type-la, Ib, Ha, and lib, by the concen-
tration and the form of nitrogen impurities.
Boron-doped crystals belong to type lib.
Various synthetic crystals, in which both the
kind(s) and the concentration of impurities (N,
B, Ni) were systematically varied by varying
the composition of the metal solvent, were
grown at 6 GPa and at 1700 K by temperature
gradient method. For the H+ implantation,
synthetic diamond crystals were bombarded
with H+ ions (10 MeV,) from an AVF cyclo-
tron at room temperature. By accumulating
the fluence by repeating the irradiations, the
fluence dependence has been studied in the
range form 1 x 1015 to 1 x 1017 H+/cm2. The
ESR measurements were performed on a
Bruker ESP300 X-band spectrometer by using
an Oxford Instrument ESR-900 to control the
sample temperature.

3. Results

The following results which were obtained
from the experiments with the fluence 1~7 x
10 H+/cm2 have been confirmed by those
with increasing the fluence up to 1 x 10
H+/cm2: (1) After H+-implantation, ESR sig-
nals which are arising from isolated vacancies,
vacancy-complexes, and vacancy-impurity-
complexes were observed. The kinds of im-
plantation-induced defects strongly depend on
the impurities (the kind and the concentration)
incorporated at the growth stage. In type-lib
crystals, the kinds of implantation-induced de-
fects are different from those produced by 2
MeV electron irradiation. (2) The ESR signals
of amorphous carbon was not observed. (3)
The increase of the ESR signals of the implan-
tation-induced defects with the increase of the
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fluence indicates a tendency of saturation at
higher fluences.

It is estimated that 10 Mev H+ implanta-
tion has a mean depth of ~400|J.m with a half-
width of several nm. Although the distribution
of implanted H+ ions in the crystals is likely to
be highly non-uniform, the accumulation of
fluence up to lx 10 H /cm reaches to an
average concentration of [H]=5.7 ppm for a
plate-shaped crystal with a thickness of 1 mm.
Even for the high fluence, so far, no ESR sig-
nals that exhibit hydrogen hyperfine interac-
tion have been found for the crystals which
were kept at room temperature after H+ im-
plantation, by using ordinary cw-ESR tech-
nique. It is likely that hydrogen implanted ex-
ists mosdy in a non-paramagnetic form.
Experiments which extract a weak hydrogen
hyperfine interaction which might be hidden
underneath the linebroadening by using pulsed
ESR technique as well as the ESR measure-
ments under light illumination at low tempera-
ture and the thermal annealing experiments to
elevated temperatures are currently being car-
ried out.

Our project is now extended to implanta-
tion of ions such as phosphorus ions which
might create n-type semiconductors.
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2 . 1 Effect of Penetration Controlled Irradiation with Heavy
ions on Tobacco Pollen

Atsushi Tanaka, Takao Yamashita*, Takashi Shimizu, Masahiro
Kikuchi, Yasuhiko Kobayashi and Hiroshi Watanabe
Department of Radiation Research for Environment and
Resources, JAERI,* Department of Agriculture, Kyoto
Prefectural University

Introduction
The characteristics of ion beams are

readily to be controlled the range in target
material and easily to be focused on a target.
Taking advantages of these characteristics,
we are directing the work toward the devel-
opment of the "cell-surgery" technique
through the irradiation due to localized en-
ergy deposition of heavy ions onto the cell.
However, the effects of the local irradiation
on the cell is not still clear.

Until now, with the use of Irradiation
Apparatus for Cell (IAC), connected to a
beam line of 3 MV tandem accelerator, we
demonstrated that the ion range in a target
could be controlled by changing the distance
from beam window to the target1) (Fig. 1).
In this study, we investigated the effects of
the penetration controlled irradiation on
tobacco pollen as a model cell system for the
local irradiation. From the results, high
frequency of the "leaky pollen", presumably
caused by cell membrane damages, was
observed at the end of the range of the ions.

30

3̂
.a 20

f 15
o

jo

~ 10
BO

6McVHe

10 15 • 20 25 30 35 40
Distance from beam window (mm)

Fig. 1 The ranges in biological material of 6 MeV
He ions and 18 MeV C ions as a function of the
distance from beam window. Ion beam fluence
decreases from around dotted line to the end of the
range (solid line).

Results and Discussion
When the heavy ion-irradiated dry pollen

(20 fim) was stained with aceto-carmirje,
what is called, "leaky pollen" (Fig. 2) was
found2). The internal substance leaked
through an opening of outer membrane of tli^
pollen grain. Leaky pollen has never been
found in the gamma-rays irradiation2).
Leaky pollen seemed to be a result of physi-
cal lesion induced in outer membrane of the
pollen by heavy ions.

Fig. 2 A typical" leaky pollen"

Fig. 3 shows the effects of He and C
ions on the leaky pollen frequency at a cer-
tain distance from beam window. The fre-
quency of the leaky pollen increased linearly
with the ion fluence in both cases of He and
C ions. However, C ions were more effec-
tive than He ions. The LET at the cell sur-
face is about 180 keV///m with He ions, and
800 keV//an with C ions, respectively.
Schon et al.3) showed that the hemolysis of
human erythrocytes, as a parameter for mem-
brane damage, was induced more efficiently
with higher LET values (92-14,000
keW/rni). Therefore, the difference of the
leaky pollen frequency found in between He
and C ions may be attributable to LET value,
even though further investigations using
heavy ions with different LET are neces-
sary.
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Fig. 3 Leaky pollen frequency as a function of ion
beam fluence. Pollen were irradiated at a distance of
5 mm from beam window for C ions, and of 30 mm
from beam window for He ions, respectively.

Monolayered dry pollen, sandwiched
between kapton films (7.5 ftm thickness),
were irradiated with He ions by changing the
distance from beam window (Fig. 4). The
leaky pollen frequency decreased with in-
creasing distance from beam window (12-27
mm). Moreover, one major peak of leaky
pollen frequency was obtained at a distance
of around 30 mm. At this distance, consid-
ering the thickness of kapton film, the range
of the ions in a pollen will reach at 2-3 fim,
and the energy of He ions is estimated at
-150 keV/u. Similar result was obtained in
case of C ions at a distance of around 13 mm
(Fig. 5), where the range of ions was about
4 ^m, and the estimated energy was -330
keV/u (in case of C ions, monolayered pol-
lens were not sandwiched by kapton film).
No distinct Bragg peak for C ions, but about
two-fold peak for He ions were found in en-
ergy loss curves near the end of the range
from the estimation. It is thought that low
energy is only deposited locally on a nearby
cell surface by these stopping particles.
Therefore, these results may indicate that
efficient cell membrane damages, which
could not be accounted for by conventional
energy deposition, would be induced by the
stopping particles. Schneider et al.4) showed
that inactivation cross sections for yeast as
well as for bacterial spores increased to 10-
30% in total at the end of the range of the
ions. The authors also suggested that at the
very end of the range of the particles, i.e. at
particle energies of around 100 keV/u, other
interactions than electronic stopping might
play a more important role. Leaky pollen,
presumably caused by membrane damage, is
different from another biological endpoint
such as cell inactivation that was thought to

be caused by the DNA damages. However,
our findings that high leaky pollen frequency
were induced at the end of the range of ions,
will also indicate the characteristic effects of
the stopping particles on the cellular systems.

15 20 25 30
Distance from beam window (mm)

0
Control

Fig. 4 Leaky pollen frequency after irradiation with
He ions at 4xlO10 ions/cm2 as a function of distance
from beam window.

7 9 11 13 15 17 Control
Distance from beam window (mm)

Fig. 5 Leaky pollen frequency after irradiation with
C ions at 9xlO9 ions/cm2 as a function of distance
from beam window.
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2 . 2 Induced Mutations by Ion Beams in Arabidopsis thaliana

Atsushi Tanaka, Yukihiko Yokota*, Naoya Shikazono, Hiroshi
Watanabe and Shigemitsu Tano
Advanced Sci. Res. Center at Takasaki, JAERI. * Beam Operation
Co.

Introduction
Ion beams with high LET are expected

to induce the large structural changes at DNA
level in living cells, because of localized de-
position of large amount of energy.

Until now, studies on induced mutation
rate by ion beams were mainly done by using
cultured mammalian cells and microorgan-
isms1), but the characteristics of induction of
mutation have not yet been made clear.
However, it has been suggested that the ion
beams could preferentially induce the chro-
mosomal aberrations in human cells2) and the
rare mutations which were not obtained by
ordinary low LET radiations in plants3).
Therefore, the mutations induced by ion
beams may be different qualitatively from the
low LET radiations.

In order to make clear the characteristics
of mutations induced by ion beams, we are
proceeding the work in respect to the follow-
ing objectives by using Arabidopsis thaliana :
(1) Analysis of the mutation spectrum at
plant level, and (2) of structural changes in-
duced by ion beams at DNA level by using
known mutated gene loci. Special attentions
are focused to find the non-existed new type
of mutants which have characteristics of ion
beam irradiation.

Results and Discussion
1. Induced mutation spectrum

Induced mutations derived from the
seeds irradiated with 100 and 200 Gy of C
ions (18.3 MeV/u), and electrons (2 MeV,
500 and 1,000 Gy) as a control, were com-
pared. As shown in the previous report4),
irradiations with 200 Gy of C ions and 1,000
Gy of electrons were semi-lethal to survival,
i.e. "shoulder end" in survival curves.
Induced mutants were classified to 7
categories and expressed as a number of
lines having mutants at M2 generation
derived from self pollinated plants after ir-
radiation (Table 1). From the results, dwarf
mutants were induced at high frequency after
irradiation with 200 Gy of C ions. In the
case of chlorophyll mutation, 100 Gy of C
ions induced the mutant at higher frequency
compared to electrons, but its frequency de-
creased at 200 Gy. This tendency suggests
that the specific effects of ion beams and
dose dependency are existed. We would like
to make clear the specific characters of ion
beams with respect to the specified mutant
characters by increasing number of testing
lines.

2. The mutants at the known loci and the
new specific mutants induced by ion beams

In order to analyze the characteristics of

Table 1 Mutation spectrum induced by C ions and electrons

No. of lines with mutated character

Radiat. Dose
(Gy)

Cotyledon, Leaf Flower, Stem Seeds
Total

Color Morph. , . " Dwarf Others Steriler chome stage

No. of Mutat.
tested rate
lines (%)

electron

Cions

500

1,000

100

200

3

8

7

5

7

6

1

5

1

0

0

0

4

6

0

4

3

3

2

10

1

1

0

2

6

7

2

4

25

31

12

30

63

63

96

73

40

49

13

41
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Fig. 1 Seed color: left, wild type; right, tt mutant
induced with C ions.

Fig. 2 Trichomes: left, wild type; right, trichome-
less (glabra) mutant induced with C ions.

Fig. 3 Pigment deposition in immatured
seed coat 4 days after fertilization : left,
wild type; right, C ion induced mutant.

the induced mutants with ion beams at DNA
level, the induced mutant should be com-
pared with the known mutants induced al-
ready with chemicals or X-rays. From that
reason, the mutants at transparent testa locus
(tt) which base sequences have been ana-
lyzed, and trichomclcss (glabra) mutants
have extensively been tried to induce with
ion beams. Until now, several lines of tt
(Fig. 1) and glabra (Fig. 2) mutants were
obtained. During the selection process of the
above mentioned mutants, several interesting
mutants which has not yet been reported
were obtained. Among those mutants, seed
coat pigmented mutant which accumulate
reddish brown pigment scattering in the seed
coat at early developmental stage after fertil-
ization (Fig. 3) and the mutant which shows
chlorophyll deficient only at the growing part
of the plant, were obtained.

Mapping of the genetic loci on the chromo-
somes and the analysis of DNA at molecular
level arc in progress.
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2 . 3 Effects of JAERI Helium Ion Beams on Growth of

Root Tip Cells in Allium cepa

Hiroshi Ohara1, Nobumichi Inomata*, Takeshi Kurono1, Midori Miyachi1 ,
Takaharu Yamada1, Hirishi Watanabe3, Yasuhiko Kobayashi3,
Masahiro Kikuchi3 and Atsushi Tanaka3
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1. Introduction

Main purpose of this study is to recognize a

biological action of high energy deposition in

localized sites within a living cells, which were

irradiated by those of particle radiation like

helium « -particle beams that can be produced

by JAERI AVF cyclotron. The cellular radiation

injuries have been featured by induction of

molecular and structural change in the most

critical target, DNA. The radiation induced

molecular damage in terms of single and

double strand breaks of DNA are also

recognized to correlate quantitatively and

qualitatively with biological effects. The

radiation induced chromosome aberrations are

apparently considered to be a base of

mutations and cell killing as well as cancer

induction in case animal cells. The formation of

chromosome aberrations may be though to

indicate the nature of initial damage and its

development. The question whether difference

in biological effectiveness between high- and

low-LET radiation are due to qualitative

difference has not yet been established. It

seems likely that the dependency of biological

response on radiation quality has at least to be

exploited with quantitative difference arising

from pattern of energy deposition. In this point

of view, we are attempting to exclude the

biological effects of high energy of helium alpha

particle radiation by using plant cells with

emphasis on the quantitative analysis of

cellular growth and chromosome aberrations

induced within cells.

In previous study3), we have examined the

dose effects ranging from 50 to 500 Gy on

germination of dry seeds of three different

species of plants, Triticum, Brassica, and

Allium, and also on mitosis in root tip cells of

Allium. The present study was aimed to

explore the effects of relatively low doses of

radiation (ranging from 1 to 20 Gy) on Allium

seeds. The technique, however, to allow more

detailed observations of chromosome

aberrations and its structural changes has not

yet perfect in the case of onion root tip cells'150'.

An exploration of technical adventure is also

another important purpose of this study.

2 Materials and Methods

In this experiment, the dry seeds of onion,

Allium cepa L. cv. Senshu-chuko-kitamanegi,

were used for studies upon biological effects of

JAERI AVF cyclotron produced helium alpha

particle beams.

1) Preparation of Irradiation Samples.

Experimental seeds were attached to 3 en? of

fixed area in the central part of irradiation

vessels, in which about 100 grains of usually

prepared forone dose experiments. Each group

of dishes was consisting of whole experiment
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with graded doses of radiation.

2) Radiation. Helium ion beams (12.5

MoV/rrt were produced under operation of

JAERI AW cyclotron, and the dry seeds of

Allium cepa wex-e irradiated by using the

JAERI devised so-called * plant seeds

irradiation apparatus " . The physical

description of He2+ ion beams will be referred

elsewhere in other report from Biotech. Lab.,

JAERI.

3) Seed germination. The irradiated as well

as un-irradiatod samples of dry seeds were

placed on a water dipped filter paper in a glass

petri dishes (90 mm in a diameter) , and kept

in 25 °C. During the incubation period, the

number of seeds germinated were scored every

24 hr interval, and the length of roots sprouted

were also measured to score the number of

roots grown longer than 5 mm, which allowed to

be used for cytological studies.

4) Cytological preparation. Root tips grown

longer than 5 mm can be used for cytological

studies. These root tips wore transferred into

cold water including 0.05 % colchicine, and

incubated in ice-cold atmosphere for 24 hrs

before fixation with acetic-alcohol (1 '. 3

mixtures). After fixation, root tips were placed

in 0.2 N II Cl for about 15 min. at 30°C and

treated with 2 %cellulase at pH 4.5 for about 2

hrs. The enzyme digested root tips were

squashed with aceticorcein stainingon a slide.

3 Results

Table 1 shows the germination of irradiated

and un-irradiated seeds during 5 clays

incubation period at 25 °C. There are no

significant differences among those of 7

different dose groups on the germination rate.

Fig. 1 shows an increase of % germination

which permitted the growth of root tips into 5

mm length or longer during the incubation at

25 0. germination of seeds during 24 hrs was

about 6.G % in the un-irradiated controls and

2.5 ~- 6 % in those of irradiated groups. The

rates after 48 hrs incubation was about. 25.5 %

in the controls and 18.5 — 40 % in the

irradiated samples. It looks a sort, of inhibition

of germination in the irradiated seeds, but the

result in Fig. 1 clearly indicates that there is no

effective inhibition in the irradiated groups on

the growth of sprouted seeds in terms of

elongation of root tips. The result was

completely in agreement with the results

observed with 8 Gyof helium ion beams, small

dot like ring and possible translocations. Even

with 1.0 Gy of irradiation the irradiated cells

was apparently found to contain pieces of

chromosome aberrations within nucleus. The

more detailed study on chromosome analysis is

now undergoing in Okayama University, but

has not yet completed. The results, however, at

least suggested that chromosome aberrations

induced by such low dose may have no relation

with growth integrity of root tip cells in Allium

cepa.

4. Discussion

The chromosome preparation for the study of

aberration frequencies in the irradiated cells

may require sort, of well-spread metaphase

cells, in which each component of chromosomes

should be separated from another, in both of

plant and animal cells. In this respect, plant

cells appear still difficult in general to obtain

a well-spread metaphase plate unlike those of

animal cells in mitosis. An effort, for such

technical development is now undergoing, since

accurate measurement of chromosome

aberrations may be required for understanding

of primary molecular damages at critical target

- 3 2 -
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with different quality of radiation, particularly

in the study of RBE vs. LET.

In another respect, an apparent diflbronro

with radiation sensitivity can be recognized to

exist between plant and animal cells in various

kinds of biological indexes. As shown in the

previous study, growth of Gallium cepa root

tip cells was not inhibited with doses under

20 Gy, by which no significant cell killing was

not suspected, while animal cells was

completely inactivated without exception. This

difference may have not intimately with actual

induction of chromosome aberrations observed.

The result of the present study suggests a

validity of this hypothesis in part, because it is

probably possible that induction of

chromosome aberrations may not be much

different between animal and plantcells. A

big difference in the sensitivity between animal

and plant cells in terms of cell growth and

killing as well seems to be an other problem.
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Fig. 1. Increase in % of seeds germinated and

grown into 5 mm length of root tips or longer.

Fig.2. Post irradiation mitotic metaphase of

cells irradiated by JAERI He ion beams (8 Gy),

showing at least 2 kinds of aberrations.
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2 . 4 Studies on induced mutations by ion beam in plants

H.Nakai, ELWatanabe*, S.Kitayama", ATanaka*, Y.KobayashT,

T.Takahashi**, T.Asai and T.Imada

ShizuokaUniv., *JAERL **RKEN

Introduction

we have tried to study on the use of ion

beams for plant mutation breeding of rice,

especially aiming at development of varietes

resistant to bacterial leaf blight(BLB), caused

by Xanthomonas pv. oryzae. Fortunately, we

could select some BLB resistant mutants in

the populations derived from seeds exposed

to ion beams.

In addition to BLB, we started experiments

on selection of induced resistant mutants of

rice to blast, caused by pvricularia oryzea

Cav.which is one of the most important

disease of rice all over the world. There are

many problems unsolved especially on the

screening method for the blast resistant

mutants.

The result of a preliminary experiment on

the above subject is reported in this paper.

Materials and Methods

Dry seeds of rice, Orvza sativa L.,c.v.

koshihikari, were irradiated by ion beam

(He24) from the AVF cyclotron in JAERI

operating at 50 MeV. On the other hand, for

comparison, the seeds were exposed to

thermal neutrons with a flux of 2.5 X

lO'Nth/cm/sec for 0-6h in the heavy water

facility of Kyoto University Reactor operated

at 5000KW, and exposed to gamma-rays of

0-600Gy from a ^Co source. After

irradiation with three mutagens, the seeds

were brought back to Shizuoka University to

grow in the isolated experimental field. In

this Mi generation, seedling height, root

length, pollen and seed fertility were

measured for analyzing the radiosensitivity of

the mutagens used(I). M2 seedlings

originating from the treatment of each

mutagen, which decreased the seed fertility

of Mi plants to be about 50% of non-

irradiated control, were screened for blast

resistance. The M2 seedlings were artificially

inoculated by putting the blast infected

leaves of rice on the seedlings. The

inoculated seedlings were kept in extremely

high moisture conditions to stimulate

development of the disease.

The seedlings which showed resistant to

blast were selected to be transplanted in the

isolated field. At adult stage, the plants were

again inoculated by the same method to be

checked for resistance to blast.

In the M2 tests, in addition to blast

resistance, chlorophyll mutations were

examined.

Results and Discussion

Fig. I shows frequency of chlorophyll

mutants including white, pale green, yellow

green, yellow ,stripe seedling etc. in each

mutagen. In each mutagen, the frequency was

increased with increasing dose. It was noted

that the frequency in high LET radiation, ion
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Table!. Frequency of blast resistant mutants of rice in each mutagen

No. of No. of
Mutagen^ Dose M, seed fertility seeds sown INO> U l Frequency

mutant
(M2)

(a) I: ion beam(He ), G:gamma-ray, N: thermal neutron

1

G

N

80
100
120
160
300
400
500

14.73
19.64
29.64

60.5
54.6
59.0
31.7
78.1

57.3
20.4
57.3
66.1

20.2

12000

4500
4200

1500

21000

6000

3000

13500

10500

1500

12

4
1

5

27

9

9

3

10
0

0.100
0.089

0.024

0.330
0.130

0.150

0.300

0.022

0.095
0.000

beams or thermal neutron was higher than in

low LET gamma-rays. Frequency of mutants

resistant to blast is shown in Fig.2.

As seen in the figure, dose-responses for

frequency of blast resistant mutants in the

mutagens were similar to those for that of

chlorophyll mutants. It needs to note that in

this case, the highest mutation frequency was

found in the ion beam treatment. We

previously reported that ion beams could be

very efficient mutagen to induce mutants

resistant to BLB in rice(2).The result of this

preliminary experiments suggests that ion

beams are useful mutagen to induce mutants

resistant to blast in rice.
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2 . 5 Comparative analysis of interspecific hybrids between Nicotiana

gossei Domin and N. tabacum L., obtained by the cross with ' He2 *-

irradiated pollen

Takao YAMASHITA, Masayoshi INOUE, Hiroshi WATANABE2,

Atsushi TANAKA3 and Shigcmitsu TANO3

Department of Agriculture, Kyoto Prcfcctural University,

Department of Radiation Research for Environment and Resources, JAERI2,

Advanced Sci. Res. Center at Takasaki, JAERI3

Introduction

In wild species, there are valuable genes

controlling resistance to diseases and insects. The

introduction of such genes from wild species to

cultivar is extremely useful in plant breeding.

However, owing to various barriers to sexual

reproduction, e.g. cross incompatibility and hybrid

inviability, obtaining a hybrid between distantly

related species is very difficult or impossible in

some cases4'6'. In Ar. gossci (wild species) >

A', tubncum (cultivar), it is easy to get hybrid seeds

with conventional cross, but hybrid plants can not

survive. On the other hand, in A', tabacum >

Ar. gossci, few seeds with viability can be

obtained.

Because A', gossci has been reported to be

resistant to more diseases and insects than other

Nicotiana species, several attempts to hybridize it

with A', tabacum have been made. A few hybrids

were produced by the cross using susquidiploid

and tctraploid1)i2)i7), but they did not show

resistance similar to that of A', gossci.

In the previous paper5), we showed that

"'He^-irradiation to pollen was effective for

overcoming hybrid inviability in F, plants between

Ar. gossci and Ar. tabacum. In the present study, we

carried out random amplified polymorphic DNA

(RAPD) analysis , characteristic analysis on

trichome on leaf surface and preliminary test for

resistance to tobacco mosaic virus (TMV) and

green peach aphid, My/.us pcrsicac Sulzer, in

interspecific hybrids and their parents.

Materials and Methods

Interspecific hybrids between Ar. gossci and

Ar. tabacum, produced by the cross with 4He2+-

irradiated pollenS), were used. Briefly, mature

pollen was collected from N. tabacum cv Bright

Yellow 4, immediately after anthesis, irradiated

with 800Gy of 4He2t beam from 3MV tandem

accelerator (6McV), and pollinated to the flowers

of A', gossci, already emasculated before anthesis.

Consequently, two viable hybrid plants were

obtained at the rate of 1.1 x 10"3. They developed

up to flowering time, but had no seeds. So, they

were propagated by cutting. Additionally, another

line of interspecific hybrid between N. gossci and

A', tabacum, obtained through the same procedures

except lOOGy gamma-irradiation to pollen, was

also analyzed. In the case of gamma irradiation to

pollen9), the rate of hybrid was 3.7 >• 10s.

All plants used here, were cultured in the

greenhouse with natural day light, at 25-30°C

(Table 1).

Table 1 Interspecific hybrids between N.gossei
and N. tabacum

line Cross to N. gossei

ion-1 BOOGy 4He2+-irradiated pollen

ion-2 800Gv4He2 + -irradiated pollen

gamma-1 100Gy gamma-irradiated pollen
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RAPD analysis

Whole DNA was extracted from very young

gossci and N. labacum had a band around 702 bp

and between 702 and 1264 bp, respectively, and

iCJV'CS, JCCGIuing tO tnC IliCtnOu Ui DclilipOrta CL CaCn llj't'JnCi ilau tWO JuiiuS i.TO

a/.(1983)3), and RAPD markers were developed

using 15 random lOmer primers (Kit A, Operon

Technologies). The reaction of 45 cycles was

carried out, following the procedure of Williams ct

al. (1990)8), at the annealing temperature of 43°C.

After reaction, the products were analyzed by

agarosc gel electrophoresis.

Trichome analysis

Leaves with length of 12 to 15cm, were

collected at the flowering time, and epidermis was

used for determining density and type of

trichomes on leaf surface by light microscope and

scanning electron microscope.

Resistance test

After carborundum application on leaf

surface of 2-3 young leaves in each tested plant ,

TMV suspended in buffer solution was inoculated.

Plants were kept in a greenhouse for 3 to 4 weeks,

and, then, disease symptoms, e.g. mosaic, curled

leaf and mottled flower, were recorded to

differentiate the degrees of resistance to TMV.

TMV test was repeated 3 times, using 3 plants in

each line.

For the incubator tests of aphid resistance,

young leaves were collected, inserted into the

bottle with water, and kept in the incubator

controlled at 25CC. Infestations were produced by

the transfer of 5 to 10 apterous aphids on each leaf

surface. During the period of 10 days, number of

surviving aphids was recorded daily.

Results and Discussion
The band pattern in RAPD analysis

revealed the hybridity of F, plants, clearly. As

shown in Fig. 1, the most remarkable combination

of bands in hybrids was observed in OPA-07 ; N.

Furthermore, in OPA-01, both of ion-1 and ion-2

had one additional band, which was not detected in

gamma-1. From these results, it is suggested that
4Hc2+-irradiation to pollen is available for

introducing alien gene(s) to cultivar through

sexual reproduction in wide cross, and also that

hybrids obtained may be different in genetic

composition, resulting from chromosome breaks

and/or very small mutation.

OPA- 0 1 OPA-07

(bp)

2323-
1929-

1371-
1264-

702 -

Fig. 1 RAPD profiles of hybrids and parents.

Fig. 2 Head cell(s) of trichome in N.gossei

( lef t ) , hybrid (center) and N.tabacum

(right).
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Table 2 Trichome density and type in N. gossei,hybrids and N. tabacum.

Line

N. gossei

N. tabacum

gamma- 1

i o n - 1

i o n - 2

No. cf

trichomes/mm2

62.6

104.7

76.5

26.3

64.1

glandular
87.6
44.4
62.'9
68.9
68.3

Trichcme
hydathode

12.4
34.6
26.5
20.1
26.5

type {%)
simple

0.0

21.0
10.3
10.7

4.8

branched

0.0

0.1

0.3

0.3

0.4

The characteristics of top part of trichome

was exhibited in Fig. 2. In A', tabacum, two or

three head cells were observed and they had

chloroplasts. However, in N. gossci, single head

cell without chloroplast was found. In hybrid, the

top part of trichome was intermediate between

their parents, indicating that this morphological

difference could be used for identification of

hybridity. Table 2 shows trichome density and

percentage of different trichome-types. Trichome

density in hybrids was significantly lower than

that in A', tabacum. Particularly, the density in ion-

1 was about a half of A', gossci. Percentage of

glandular trichomes and hydathodes in hybrids

was intermediate between the parents. Simple and

branched trichomes were not observed in

A', gossci.

From the preliminary test for TMV

resistance, it was recognized that gamma-1 was

resistant at the similar level to that of A', gossci.

Both of ion-1 and ion-2 were much more resistant

than A', tabacum, but the degree of resistance was a

little lower, corr.pared to that in A', gossci.

Furthermore, aphid resistance appeared to be

introduced to all hybrids ; mean survival period

after infestation of aphid on leaf surface, was 1,

2.5, 2.4 and 3.7 days in N. gossci, ion-1, ion-2 and

gamma-1, respectively. In the leaf of Ar. tabacum,

aphid continued to survive over 10 days and grew

up.

In the present study, molecular and

morphological differences between interspecific

hybrids and their parents were made clear. It was

also suggested that each hybrid was resistant to

TMV and aphid although the degree of resistance

varied among hybrids.
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2 . 6 Photomorphogenic Mutants of Arabidopsis.
(I) Isolation of Mutants Using EMS-Treated and
Ion Beam-Treated Seeds

Hiroaki ICHIKAWA, Atsushi TANAKA* and Shigemitsu
TANO*
Department of Molecular Biology, National Institute of
Agrobiological Resources and *Advanced Science
Research Center at Taskasaki, JAERI

Introduction
Light is essential to plants not only as a

source of energy via photosynthesis, but as an

environmental factor that alters plant growth

and development. The light-dependent process

of plant development, referred to as

photomorphogenesis, is composed of three

phases: (a) perception of the light signal, (b)

signal transduction, and (c) physiological and

developmental response (1). Several classes

of photorcccptors contribute to the perception

of the light signal. They include the

phytochromes (rcd/far-rcd light receptors),

blue light pholorcccptors, UV-A

photorcccptors and UV-B photorcccptors. The

isolation and characterization of a number of

pholomorphogcnic mutants from Arabidopsis

is proving especially useful for unraveling the

function of photoreccptors and light-dependent

signal transduction cascades, and for the

isolation of genes coding photorcceptors and

genes for signal transduction components (2).

It has rcccnliy been believed that the

irradiation of heavy-ion particles would be very

efficient for causing the deletion and/or

rearrangement of DNA molecules in living

cells. In this study, we have been isolating

and characterizing Arabidopsis mutants

deficient in suppression of light-signal

transduction using M2 seeds treated with
ethyl methane sulfonatc (EMS) and heavy-ion
particles.

Isolation of EMS-treated mutants
with short hypocotyls

EMS-mutagcni/.cdM2 seeds of Arabidopsis

wild type (ccotypc RLD; 35,000 seeds in total

and derived from 13,000 Ml seeds) were

surface-sterilized, sown on MS medium, and

grown for 7 to8 days at 22°C underconlinuous

yellow light (40 |.unol/m2/scc) which contained

no blue light and low amount of red light.

We initially isolated 34 seedlings, which

showed growth inhibition of hypocotyls under

yellow light, as primary candidates among M2

plants tested. Those plants were transferred to

soil for M3 seed setting. Two independent

lines (YL5-A and YL7-J) of the 34 lines were

finally selected as photomorphogenic mutants

by testing growth of M3 seedlings under

yellow light, red light and in darkness.

Hypocotyl growth of the two mutant lines was

strongly inhibited under yellow and red lights.

They were not distinguished from that of wild

type under white light and in the dark (Fig.

1). The results indicated thai the mutant lines

were clearly distinguishable from del and cop

mutants which showed short hypocotyl
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phenotype under yellow light and "dc-

ctiolated" phenotypc in the dark. Western blot

analysis showed that no qualitative and

quantitative differences in phytochrome A

(PHYA) and PHYB proteins were observed

between the mutant lines and wild type

seedlings (Nagatani and Ichikawa, unpublished

results). The genetic complementation test of

those mutants demonstrated that the two lines,

YL5-A and YL7-J, were allelic. When crossed

with the wild type plants, the mutant phenotype

turned out to be recessive. Consequently, it

was suggested that the two lines would have

a mutation in light-signal transduction from

the phylochromc molecules. The genetic

mapping of the mutant locus is in progress.

16

Dark Y-50 W-100

Light condition
Figure 1. Photomorphogcnic mutants (YL5-A

and YL7-J) show short-hypocotyl phenotype

when grown under yellow light. Y-50: 50

Hmol/m2/sec of yellow light; W-100: 100

[.imol/m2/sec of white light. Values are the

mean ± SEM for 30 seedlings.

Isolation of short-hypocotyl mutants
with heavy-ion beam irradiation

Each 10,000 seeds of Arabidopsis wild-

typc (ccotypc Columbia) were irradiated with

100 Gy and 200 Gy of heavy-ion particles

(12C5* 220 MeV) using the AVF cyclotron in

TIARA. The ion-beam treated Ml seeds were

sown and grown in a greenhouse. M2 seeds

were harvested and pooled separately at every

100 Ml plants. The screening of short-

hypocotyl mutants was performed with M2

seeds which were treated with 100 Gy of ion

beam (ca. 120,000 seeds). The conditions for

the mutant screening using yellow light were

almost identical to those as described above.

Two hundreds and ninety M2 seedlings were

selected as primary candidates for the mutation.

The second screening of the mutation using

M3 progenies of the primary candidates is in

progress.

Heavy-ion beam irradiation has a potential

which cause DNA deletion and as a result

mutation of gcnc(s) in living organisms. The

isolation of ion beam-induced mutants would

be extremely useful for the isolation of gcnc(s)

of interest using genomic subtraction

procedure (3) and for the elucidation of the

function of the mutated genes.
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Introduction
We have been working with the

utilization of positron-emitting elements for
the observation of materials in plants which
are kept under the normal living condition.
By the end of last year, it was made clear
that the movement of water containing a
minute amount of ISF positron-emitting
isotope introduced into a plant was
dynamically followed by a special
observation apparatus called "POSITRON
CAMERA".

This year we studied the effect of
temperature on the movement of water in
plants with this technique. The reason of
the study is related with the fact that the
temperature is one of the key factors to
control the growth of plants. For example,
many kinds of plants should be kept warm
in winter season in order to keep them
alive. It is quite sure that the activity of
plants are decreased at lower temperature.
However, until now, no detailed
mechanism has been reported with
reasonable experimental data. The new
technique with the position camera has a
potential to realize the difference in
movement of water in plants kept at
different temperatures.

In the present study, the root of
kidney bean was put in a thermally
controlled water bath while the other part
was kept at a constant temperature.

Experimental
An aqueous solution of 1SF was

produced by the reaction of 16O (a, pn) 1SF

through the bombardment of water with a

panicles of 50 MeV, 1.1 |iA from the
TIARA AVF cyclotron. It took 20 min
bombardment in order to produce 50 MBq
of 1SF from 6 ml of pure water.

The kidney bean (Phaseolus
vulgaris L.) was supplied to the experiment
after it was cultivated by the hydroponics

method in a thermally controlled room. The
room temperature was kept at 25 °C during
daytime while it was at 15 °C at night. The
height of the plant reached ca. 30 cm from
the root to the top through the 4 weeks'
cultivation.

The positron camera is composed of
a scintillator array coupled to a position-
sensitive photomultiplier tube (Hamamatsu
R3941-2), a computing unit and a display.
The scintillator array is the assembly of
Bi4Ge3012 scintillators of the size 2 mm x 2
mm x 20 mm in a shape of 50 mm x 48 mm
square. A pair of the assembly is located in
a face to face position with a distance of 12
cm. The plant is installed between the two

scintillator plates. The signal of a pair of y-
ray produced by the positron-electron
recombination is detected by the detector.
The simultaneity is assured within 20 ns.

The root of the kidney bean plant
was put in a water solution containing ca.
1.5 MBq/ml 18F which was kept at either 25
°C or 5 °C. The other part of the plant was
illuminated by a fluorescent lamp in order to
help the movement of water in the plant.
The brightness and the temperature at the

leaf were 300 |imol-photon/m2.s and 27 °C,
respectively. The measurement was
continued for 120 min. Then, the data were
analyzed by the computer.

Results and Discussion
Because of the limited size of the

plate detector, the distribution of 18F was
followed only in one leaf which was put in
the central position of the detectors. The

signal of y-ray was accumulated for 2 min.
Fig. 1 shows the distribution pattern of 18F
taken up in 2 h to the leaf at the top of the
plant from the root kept at (a) 25 °C and (b)
5 °C. The intense population of 18F is seen
at the joint of the leaf and the stalk at 25 <C
while no clear difference in concentration is
observed in the case of 5 °C.
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(a) (b)
Fig. 1 Distribution pattern of F taken up in 2 h to the leaf located at the top of the plant from
the root kept at (a) 25 °C and (b) 5 °C.

The gradual decrease follows the
veins of the leaf in Fig. 1 (a). This is
because the movement of F is fully
attributed to that of water. However, it does
not mean that all the 18F elements are carried
to the leaf. It is quite possible that a part of
18F still remains in the water layer without
being sucked by the root. In a separate
experiment, it was observed that the
decrease of water in the water bath was 21
% while that of 18F was only 2 % in 2 h.
One of the reasons for this discrepancy of
the movement between water and 18F may
be related with the activity of the cell of the
root. The separation of such a foreign
element as F may be the important
function of living plants. In spite of this
difference in movement between water and
other elements dissolved in water,
however, the detection of the latter element
in plant gives an important information
which reflects the movement of water.

Fig. 2 shows the comparison of
time dependency of the activity of 18F in the
leaf between 25 °C and 5 °C. The activity
increases exponentially at 25 °C while it is
almost constant at a low level at 5 °C. The
former is ca. 30 times the latter in 2 h. The
different activity of 18F between the two
cases is only due to the difference in
temperature of the root dipped in the water
bath. The result of Fig. 2, therefore,
quantitatively indicates the effect of
temperature of water suction on the activity
of the root cell.

A further study will be continued to
clarify the distribution of nutrients such as
saccharoid in leaves.

100

20 40 60 80

time (min)
100 120

Fig. 2 Comparison of time dependency of
the activity of 18F in the leaf between 25 °C
and 5 °C.
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2 • 8 RBE / LET Effects of Heavy Ions on Inactivation in
Dry Cells of Deinococcus radiodurans

.*Y Kobayashi , T. Shimizu , A. Tanaka
G. Taucher-Scholz** and H. Watanabe*
Biotechnology Lab., Takasaki, JAERI;

.*M. Kikuchi

Biophysik, GSI-Darmstadt

ABSTRACT
Inactivation induced by heavy ions was

studied in dry cells of radioresistant bacterium
Deinococcus radiodurans. All survival curves were
characterized by a large shoulder of the curves. No final
slopes of the exponential part of survival curves for
heavy ion irradiation were steeper than that for 2.0
MeV electron irradiation. The plots of RBE versus
LET showed no obvious peaks, suggesting that this
bacterium can repair not only DNA double strand
breaks (DSBs) but also clustered damage in DNA
which may be induced by heavy ions.

INTRODUCTION
The induction and processing of DSBs in

DNA have been considered to be the predominant
determinants of radiotoxicity because the patterns of
DSB/LET response are comparable to the shape of
LET responses for cell lethality1). However, current
informations obtained from precise analysis of DSBs
in cells demonstrate the absence of LET dependence of
DSBs. Clustered damage in DNA are considered as the

dominant damage of DNA for cell lethality2).
The extraordinary radiation resistance of

Deinococcus radiodurans has been ascribed to the
ability to repair all DNA lesions including double
strand breaks (DSBs) induced with doses up to 5
kGy3-4). It was reported that this bacterium was also
resistant to heavy ion irradiation and the survival curve
had a large shoulder5'6), suggesting that this
bacterium can also repair DSBs induced by heavy ions.
Therfore we expected no LET dependence of RBE for
inactivation of D. radiodurans. However, RBE peak
will be observed in LET response if this bacterium can
not repair the putative dominant damage for cell
lethality: clustered damage in DNA.

In this study, we examined the survival
responses in detail in dry cells of D. radiodurans after
heavy ion irradiation with particles of various
energies.

MATERIALS AND METHODS
D. radiodurans Rj strain was cultivated in

TGY liquid medium (0.5% Tryptone, 0.3% yeast

extract, 0.1% glucose) with shaking at 30'C for 24
hrs. Stationary phase cells were lyophilized on
membrane filters (pore size 22 |i.m, Millipore
Corporation) as a monolayer and irradiated in the
atmosphere.

Exposure to He, C, and Ne ions from AVF
cyclotron was carried out at TIARA in JAERI-
Takasaki; exposure to Ar, Ni, Xe and Au ions was
carried out at the UNILAC in GSI-Darmstadt. With
respect to 12.1 MeV/u 1 2C, 11.9 and 6.5 MeV/u
20Ne, 2.8 MeV/u 40Ar, 5.9 MeV/u 58Ni, 4.4 MeV/u
12^Xe and 5.4 MeV/u ^ 7 A u ions irradiation, the
particle energies were degraded with absorbers to obtain
various LET values on the target. Particle fluences
were determined using track detector (CR-39 film and
glass). LETs were calculated with ELOSS code
developed in JAERI. The dry cells were also irradiated
with 2.0 MeV electron beams from a Cockcroft-
Walton accelerator at JAERI-Takasaki.

Following the irradiation, the dry cells were
transferred onto TGY agar plate and surviving colonies
were counted after 3 days incubation at 30°C.

RESULTS AND DISCUSSION
Fig.l shows the dose response curves of the

dry cells of D. radiodurans R | irradiated with heavy

ions. All survival curves are characterized by a large
shoulder of the curves. In case of heavy ions no final
slopes of the exponential part of the curves were
steeper than that of 2.0 MeV electrons.

The inactivation cross sections determined
from the final slope of the survival curves are plotted
in Fig.2 as a function of LET. The plot does not show
the saturation of cross sections at LET values up to

104 keV/u.m, however the cross sections at 104

keV/u,m comes near the target size (about 1 |im2) of
cells. Characteristic hooks seem to begin in the data
point for Ne and Ar ions.

Fig.3 is a plot of the RBE values determined
from the ratios of inactivalion constants (Do) obtained

for heavy ions and 2 MeV electrons as a function of
LET. Reflecting the final slopes of the exponential
part of the dose-effect curves shown in Fig.l, no
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obvious RBE peaks are found in LET response.
To confirm the changes in shoulder of the

curves, the dose required to reduce survival to 10% was
plotted as a function of LET as shown in Fig.4. The
dose keeps similar value at LET values up to 2000
keV/|im and then increases steeply to high doses at
very high LET. It is also clear from this plot that the
RBE at 10% survival shows no obvious peaks in LET
response.

It has been widely accepted that the critical
radiation-induced DNA lesion finally causing cell
inactivation is the non-repaired DNA double strand
breaks. Therefore, the RBE/LET pattern shown in
Fig.3 seems to reflect the ability of this bacterium to
repair DSBs induced at various LET. We have obtained
an evidence of its ability to repair DSBs induced at
high LET. Total post-irradiation incubation lime
required to complete the repair of radiation induced
DSBs was analyzed by detection of the reappearance of
the ladder pattern of genomic DNA digested with a
restriction enzyme using pulsed field gel
electrophoresis. From the results no differences were
observed between y-rays and high LET heavy ions on
the repair time at the same dose6). Furthermore, from
these facts there would be no difference in radiation
induced DSBs at LET values of 0.2-2000 kcV/^m at
least from the view point of repair ability of D.
radiodwans. If the clustered damage is the critical DNA
lesion for cell lethality, LET independence of RBE for

inactivation of D. radiodurans suggests that this
bacterium can repair not only DSBs but also clustered
damage in DNA which may be induced by heavy ions.
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2 . 9 Mechanisms of the DNA Injury by Ion Beams and Its
Repair on Radioresistant Bacteria

— Analysis of Mutation Caused by Ion Beams Using
DNA Sase Sequence Methods —

Kazuki HARADA, Tatsuo NAKANO, Yurino OBIYA,
Hiroshi WATANABE*, Yasuhiko KOBAYASHI*,
Atsushi TANAKA* and Masahiro K1KUCHI*

Div. ofMol. Life Sci., PL Botanical last., PL Gakuen Women's Jr. College, and
*Biotec. Lab., Takasaki Radiation Chemistry Research Establishment, JAERI

Introduction

We have been investigating the effects of
heavy ion beamson plasmid DNAin "TIARA
Cooperative Research"0 in succession to
"The Inter-University Collaborative Re-
search Project with JAERI" in respect to the
presence of mutational hot spots on DNA
base sequences. The part of the results was
already reported at "4th TIARA Research
Review Meeting". In this paper, we reported
the progression and principle of new hot spot
assay system. As the new assay method,
we arc conducting the in vivo study of the
mutation induced by heavy ion beams in
mammalian cells using a transgenic mouse.

Experiments

A shuttle vector plasmid pZ189 DNA,
containing the pBR327 replication origin, the
SV40 early region and the Eschericlua coli
suppressor tRNA gene (supF), which serves
as a mutagencsis target, was irradiated with
high LET (linear energy transfer) radiation
as described previouslyx). Boron neutron
captured (BNC) beam (a-particles) generated
from 10B (n, a) 7Li nuclear reaction at KUR
in Kyoto University and some heavy ion
beams generated from AVF cyclotron at
TIARA in JAERI-Takasaki and from
synchrotron at HIMAC in NIRS were used.
After then, supF gene was scquenccd by
didcoxy method.

Furthermore, we tried to use transgenic
mice, that is HITEC (hypersensitive in vivo
test of carcinogcnicity) mice. The transgene
contains the wild-type rpsL (streptomycin-
sensitive) gene of E. coli in a form of a
shuttle vector plasmid pML4 DNA (Fig. 1).

Results

Mutations induced by BNC beam (a-
particlc) in supF region were mainly base
substitutions, and about a half of them
occurred at four mutational hot spot positions
(133, 139, 160 and 172). Among them,
transversions of G:C to T:A were
predominant, followed by G:C to C:G
transversions. In human cells, however,
u-particlc-induccd base substitutions were
mainly G:C to A:T transitions. These
discrepancies may be attribute to the different
mutagenic mechanisms in E. coli and
cukaryotic cells (Table 1). As the plasmid
pZ189 DNA was designed to reduce the
proportion of large deletion mutations, the
number of mutants with gross structural
changes or double strand breaks may have
been greatly underestimated.

Now, we are conducting heavy ion beam
irradiation experiments using transgenic
mice. In the measurement of somatic
mutation induced by heavy ion beams, since
it is very hard to extract target gene from
several organ and select mutated one, we
use transgenic mice that contains pML4
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Table 1 Types of Base Substitutions Induced
by High LET Radiations in Plasmids

P;>se s:

tutions

:bs!i-

E. coli cells

BNCB

•c:cd (T- cl ic

Protons3 5

•!:;! su^l\lulior.i)

Human cells

a-particles4^

Km*
Fig. 1 Schematic Diagram of Shuttle Vector
Plasmid pML4 DNA

Transitions
G:C-A:T
A:T-»G:C

Transiersions
G:C-»T:A
G:C->C:G
A:T - C:G
A:T - T:A

Total

IK 26.8)
11 ( 26.8)
0 ( 0.0)

30 ( 73.2)
17( 41.5)
12 ( 29.3)
1 ( 2.4)
0 ( 0.0)

41 (100)

9( 20.5)
S( 1S.2)
1 ( 2.3)

35 ( 79.5)
20 ( 45.5)
10 ( 22.7)
5( 11.4)
0 ( 0.0)

44(100)

70 ( 78.7)
70 ( 78.7)
0( 0.0)

19 ( 21.3)
S( 9.0)

10 ( 11.2)
1( 1.1)
0( 0.0)

89(100)

plasmid carrying rpsL gene as a marker gene.
This rpsL gene is expressed in E. coli and
transforms streptomycin resistant cell to
streptomycin sensitive. After the transfcction
of streptomycin resistant E. coli with pML4
digested from gcnomic DNA and then ligatcd,
E. coli can form colonies on agar plate with
streptomycin if it contains a pML4 with an
inactive rpsL. Thus we can easily select
the mutated pML4 carrying inactive mutation
on rpsL region. Furthermore, it is expected
that some deletions induced by heavy ion
beams arc observed by this assay system.
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Introduction

Because light beam in the VIS and Near IR
regions has relatively good property of
penetration into living tissues, optical study in
these wavelength regions could afford direct
informations about physical or chemical
behavior of some biological substances in
vivo. We have started spectroscopic
investigations in these regions in order to
detect radiation effect on native hemoglobin in
animal red-blood cells.'-2)

A previous report showed a preliminary
result that irradiation of He2+ ions gives rise
to the formation of methemoglobin (MetHb)
from oxyhemoglobin (HbC>2) in the red
hemocytes of a rabbit.2) We continued further
study to examine radiation effect on the red-
blood cells using several kinds of ion beams
with different energies and various beam
currents for different irradiation times. This
report gives results using He2+-ion beams as
irradiation source.

Experimental

The irradiation target used was rabbit red-
blood cells on a quartz plate. Separation
procedures of the cells were the same as
described previously.2) A 0.01-ml solution of
HbC>2 (0.1 g/ml) was spread on the quartz
plate in ca. 1-cm2 area. The thickness was ca.
0.06 mm after vaporization of excess
moisture in air. Irradiation was performed in

He gas atmosphere at room temperature using
an irradiation apparatus for seed (IAS) settled
at a vertical beam port of the AVF cyclotron
of JAERI, Takasaki.3) The energies of He2+
ions used were 20, 50, and 100 MeV. Beam
current and irradiation time were controlled in
10-6-10 nA range and for 1-3 min,
respectively. After the irradiation, the sample
was dissolved with 1.2-ml saline (pH 7.3) in
a rectangular quartz cell or disposable one
made of PMMA. Spectra in the 500-850 nm
range were measured using the Yunisoku
USP 410 spectrophotometer as described
previously.2)

Results and Discussion

Figure 1 exemplifies spectra obtained for
the red-blood cell suspensions after the
irradiation with 20-MeV He2+ ions for three
irradiation times at the beam current of 1 nA.
All these are the difference spectra between
the irradiated and nonirradiated samples. The
absorption bands at 540 and 576 nm due to
HbC>2 decrease and concurrently the bands
around 500 and 630 nm due to MetHb
increase. Additional absorbance contributes to
the back-ground level in the wavelengh
region shorter than 650 nm and the
contribution tends to become remarkable for
the longer irradiation times. It has been
observed separately in the red-blood
suspensions that the absorbance level in the
700-850 nm decreases much to the minus
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when hemolysis occured. In Fig. 1,
however, no such a great decrease of the level
is observed, so that although the cell
membrane would suffer from the irradiation
damage, the hemolysis occures little at this
time for the spectral measurement
immediately after the irradiated samples were
dissolved in the buffer. The absorbance
change in the short wavelength region would
be due to a little deformation or coagguration
of cells associated with denaturation of cell
membrane and/or proteins. Irradiation of the
50- and 100-MeV ion beams resulted in
similar spectrum changes as those in Fig. 1.

Under the present experimental conditions
for spectral measurements in light-scattering
systems we can only compare quantitatively a
ratio of absorbances measured within the
same spectrum with those of other spectra.
Net absorbance changes (<dOD's) of HbC>2
and MetHb were measured at 576 and 630
nm, respectively, relative to the absorbance
level of the isosbestic point at 588 nm. Figure
2 shows the conversion efficiency of MetHb
from HbC>2 at several beam currents. The

efficiency in the reaction HbC>2 -* MetHb

was estimated by (^IOD63o/z]£63oV(^l

OD576/z]£576), where zle^ was the

difference extinction coefficient between

HbO2 and MetHb at X nm; i.e., e(MetHb) -

e(HbO2). we used AEsie = -11.7 mM-icm-i

and z]£63o = 3.6 mM-icm-M) Since the
experimental errors were large for weak
absorbance changes, then values of the
efficiency could not be obtained accurately at
low beam currents (10-6-10-4 nA). All values
obtained are less than unity and tend to
decrease with the increases of the beam
current and irradiation time. This feature is
approximately similar to those for the cases of
50- and also 100-MeV ion irradiations. Thus,
even in the irradiation of He2+ ions with low
currents and for short times, the conversion
efficiencies of the MetHb formation are less
than unity. On the other hand, it has been

-0.5

He2+(20MeV)
1 nA irrad.

I I I

500 600 700 800
Wavelength/nm

Fig. 1. Difference absorbance spectra for the red-

blood cell suspensions dissolved in pH 7.3

phospatc-buffered saline containing \%

heparin after the irradiation with 20-MeV Hc2+

ions at 1 nA. The spectrum of nonirradiatcd

sample was used as reference. The irradiation

times are indicated in the figure.
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Fig. 2. Conversion efficiency from HbC>2 to MetHb

in the irradiation with 20- McV He2+ ions at

several beam currents. The irradiation times are

given in the figure.

already found by us that the gamma-ray
irradiation with a low dose leads to the
formation of MetHb with unit efficiency.5)
This difference would be due mainly to
difference in LET; a high value for the ion
and a low value for the gamma ray. That is to
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say, probably because oxidative products
such as OH radicals are produced with a high
density inside the cells by the ion-beam
irradiation, MetHb produced once and/or its
precursory intermediates would be converted
succesively to any other products by further
oxidation reactions.
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3 . 1 The Distribution of the Micro Chemical Structural
Changes induced in Polymer by Ion-beam Irradiation

Yoshimasa Hama1, Kenichi Hamanaka1, Hideya Matsumoto1,
Tomoharu Takano1, Hisaaki Kudolr, Tsuneo Sasuga:,
Tadao Seguchi2

'Advanced Research Center for Science and Engineering,
Waseda University, 2JAERI, Takasaki Radiation Chemistry
Establishment.

1. Introduction

It has been found in our
project that the depth distribution
of the chemical structural changes
induced in some polymers by heavy
ion-beam irradiation are rather
different from that of the stopping
power of the ion-beam estimated by
TRIM code, especially for multiple
charged ion-beam. This may be important
for understanding the relationship
between the chemical reaction process
and the energy transfer in polymer
on ion-beam irradiation.

2. Experimental

The sample used in this work
was low density polyethylene (LDPE).
This sample was formed in a slab of
2mm thick by hot press.

Irradiation was carried out in
vacuum with AVF cyclotron (TIARA) at
JAERI, Takasaki Radiation Chemistry
Establishment. The kind of ions used
were lOMeV and 20MeV H*, lOMeV D*,
20MeV 'He2*, 220MeV 12C5\ lOOMeV V ,
160MeV 16O6\ 350MeV 2ONe8\ 175MeV 4OAr8\
and 330MeV 40Arn*.

The depth profiles of the
chemical structural change induced
in the slabbed LDPE by ion-beam
irradiation were observed with micro-
FT-IR system.

3. Results and discussion

Figure 1 shows the depth
profile of the infrared absorption
spectrum (964 cm"1) due to the trans-
vinylene groups induced in LDPE
irradiated by 220MeV 12C5*. The IR
absorptions due to the carbonyl groups
and the -OH groups also were observed
and showed the same depth profiles
as that of the trans-vinylene groups.
The depth profile shown in Fig.l
resembles the Bragg curve. However,
the relationship between the depth
profile of the absorption and that
of the stopping power estimated by
TRIM code is rather different for
various ion-beams as shown in Figs.2
and 3. In Fig.2, both ranges for

Fig.l. Depth distribution of the
IR absorption (964 cm"1) due to
the trans-vinylene for LDPE
irradiated to 500 kGy by 220 MeV
12C5*
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20MeV He2* obtained from the absorption
and from TRIM code do not seem to be
diffrent remarkably, but the peak of
the absorption appears at nearer depth
to the surface compared with the
peak of the stopping power. On the
other hand, on irradiation of 175KeV
'<0ArB* as shown in Fig. 3, the range
obtained from the absorption is
remarkably different from that from
TRIM calculation, though the
difference between both peaks of the
absorption and the stopping power is

not so large. Such appearance was
confirmed for all kinds of ions.
These facts suggest that there are
many problems in calculating the
stopping power for multiple charged
heavy ion, e.g. the relationship
between the energy and the charge of
the heavy ion in solid on calculating
the stopping power. Moreover, the
role of the secondary electrons should
be considered in the chemical reaction
giving variouj chemical structural
change.

CUMGy(Absorptlon)
—A— 0.5MGy(Absorp!lon)
- O - I.OMGy(Absorptlon)

TRIM

50 100 150 200
Depth(nm)

250 300 350

Fig.2. Depth distributions of the IR absorption due to the trans-vinylene
and the stopping power calculated by TRIM code for LDPE irradiated by 20
MeV 4He3*.

0.10 -

0.00
100
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150

"̂  3500
—O- 500KGy(Absorplion)
-A— 500KGy(Absorpllon)
- O - 300KGy(Absorpllon)

100KGy(Absorpllon)
Belhe(18
Belho(8+
THIM

Fig.3. Depth distributions of the IR absorption due to the trans-vinylene
and the stopping power calculated by TRIM code and Bethe formula for LDPE
irradiated by 175 MeV 40Ara*.

- 56 -



JAERI-Rcview 95-019

3 . 2 LET Effects of High Energy Ion Beam Irradiation on Polysilanes

Shu SEKI, Seiichi TAGAWA, Youichi YOSHIDA,
Hisaaki KUDOH*, Masaki SUGIMOTO*.
Tsuneo SASUGA*, Tadao SEGUCHI*,
Kenkichi ISHIGURE**

The Institute of Scientific and Industrial Research, Osaka University.
*JAERI, Takasaki
**Department of Quantum Engineering and System Science, Faculty of
Engineering, The University of Tokyo.

Polysilane derivatives have attracted polystyrene calibration standards. The PMPS

great interest as a new category of polymer samples were dissolved in xylene and spin-

materials1. We have already reported on the coated on Si wafers. The thickness of the films

transient species and the electronic properties of was 0.5 u.m. These films were irradiated by 2

polysilanes, employing electron beam pulse MeV H + and He+ ion beams from a Van de

radiolysis spectroscopy2-3. Silicon containing Graaff accelerator6 and 10-45 MeV H + ion

polymers and their reactions induced by beams from TIARA cyclotron accelerator in a

electron beam irradiation play a significant role vacuum chamber (<10-6 Torr) at room

in two layer resist processes which is one of the temperature. Ion beam irradiation was done at

most important future technologies of electron the Research Center for Nuclear Science and

beam microlithography1-4. In addition, Technology, University of Tokyo for Van de

polysilanes may play an important role in ion Graff and at JAERI, Takasaki for the cyclotron,

beam lithography, a technology which is

receiving renews interest as a candidate for the

manufacture of semiconductors in the future5.

Poly(di-n-hexylsilane) ; PDHS was

prepared by the reaction of methylphenyl-

dichlorosilane with sodium in refluxing

toluene. The reaction was carried out under an

atmosphere of predried argon. The chlorosilane

was purchased from Shinetsu Chemical Inc.,

and distilled prior to use. The molecular weight

of PMPS sample was measured by gel

permeation chromatography (GPC) with

tetrahydrofuran (THF) as eluent. The PMPS

After irradiation, molecular weight distribution

of irradiated PDHS films was measured by gel

permation chromato-graphy : GPC system with

polystyrene cariblation standards

The loss of kinetic energy of ions in

traversing the PMPS thin films was estimated

by the TRIM 91 code.

It was already confirmed that the polymer

gel was generated for several kinds of a few

MeV order ion beams. The changes of

molecular weight distribution are shown in Fig

1 for the irradiation of 2 MeV He+ ion beam to

PDHS at room temperature. Apparently,

used in this experiment has bimodal molecular molecular weight of the polymer was increased

weight distribution, and the high or low

molecular weight peak was cut off by filtration.

The samples had their molecular weight of 1.1 x

with the ion beam irradiation, growing into

polymer gel. The irradiated polymer films were

developed and the fraction of generated gel was

104 and 5.6 x 105, respectively, determined by estimated as a function of the ion beam
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fluences. According to the statistical theory of

crosslinking and scission of polymers induced

by radiation, the behavior of gelation is

expressed by the following equation

(Charlesby-Pinner relationship)7-8,

s + s1/2 = po/qo + m / qo(Mn)oD,

s = 1 - g,

where po is the probability of scission, qo the

provability of crosslinking, s the sol fraction, g

the gel fraction, m the molecular weight of a

unit monomer, (Mn)o the number average

molecular weight before irradiation, and D is

absorbed dose. And then, each G-value is

related to the values of po and qo as follows,

G(x)=4.8xlO3xqo
G(s) = 9.6xlO3xpo

where G(x) is the G-value of crosslinking and

G(s) is the G-value of main chain scission. With

these equations, crosslinking and scission G-

values are calculated to be 0.67 and 0.39,

respectively.

Fig. 2 also shows the changes of

molecular weight distribution with the

irradiation of 20 MeV H+ ion beam. The

shoulder in the low molecular weight region

(around 104) raises with the irradiation, which

is proof of the main chain scission. The G

values of crosslinking and main chain scission

are also evaluated by the next formula in this

case of high energy proton irradiation. Then,

1/Mn = l/(Mn)o + (po - O.5qo) D/m,

1/MW = l/(Mw)o + (O.5po - qo) D/m
G(x) and G(s) resulting to be 0.0029 and

0.204, respectively.
However, the ion beam induced

molecular weight change are quite unique in
both cases in comparison with 7-rays which
cause simple increase of poly-dispersity. It is
considered that the ion beam irradiation is
heterogeneous, and the reactions bringing

10' 10'

Molecular Weight

Fig. 1 Changes in molecular weight distribution of poly(di-n-

hexylsilane) with 2 MeV He+ ion beam imidiation

Molecular Weigh!

Fig. 2 Changes in molecular weight distribution of poly(di-n-

hexylsilane) with 20 MeV He+ ion beam irradiation

molecular weight change are occurred at the

inside of ion trucks along the ion projectiles.

The sizes of ion trucks can be estimated by the

values of ion fluences where the overlap of the

trucks are observed. In these cases, the values of

10 ± 8 A and 36 ± 20 A are obtained as the

radius of 20 MeV H+ and 2 MeV He+ ion trucks

for the crosslinking and/or main chain scission

reactions.
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3 . 3 Effect of Radiation Quality on Radical Formation in Ion-
Irradiated Solid Alanine

Hitoshi Koizumi, Tsuncki Ichikawa, Hiroshi Yoshida,

Hidcki Namba*, Mitsumasa Taguchi*, Takuji Kojima*

Graduate School of Engineering, Hokkaido University and

*Takasaki Radiation Chemistry Establishment, JAERI

Introduction
Effects of radiation quality on chemical

reactions arc due to difference in local dose
distribution. Reactive intermediates arc
produced with a spatial distribution according
to the local dose distribution. If the reaction
probability of the intermediates depends on
their concentration, the reaction products
depend on the radiation quality. We arc
aiming to clarify the relation among the
radiation effects on organic solids, the local
distribution of the intermediates in the solids,
and the radiation quality. Ion beams are useful
to this subject. The local dose distribution for
ion beams is much different from the

distributions for Y-ray and fast electrons. The
distribution can be varied with changing the
energy and the species of the ions.

We have previously investigated radical
formation in alaninc irradiated with 0.5-3MeV
H+ and Hc+ ions[l, 2], 175McV A$+ and
460McV Arl3+ ions[2]. In this work, we
have investigated the radical formation
irradiated with 220McV C+ ions. We have
compared the results with those for the other
ions.

Experimental
Samples used arc alaninc film dosimeters

of 0.22mm thickness. The dosimeters have
been developed in JAERI[3]. They contain
4()vt% of low-density polyethylene as binder.
Irrac 'ation was carried out at the HX1 port in
TIARA. Eight pieces of the sample films (ca.
8mm X 15mm) were put one over another on
each sample holder in a vacuum chamber.
220McV C^+ ions were generated with the
AVF cyclotron, and the ions were irradiated to
the samples at ambient temperature. The
currents of the ion beams were measured with
a Faraday cup on the holder plate just before
and after the irradiations. ESR spectra of the
irradiated films were measured with X-band

spectrometers at JAERI Takasaki and at
Hokkaido University. Radical concentrations
were calculated by double integration of the
ESR spectra and they were calibrated with
DPPH as a reference.

Results and Discussions
With irradiation of alanine at room

temperature, stable neutral radicals arc
generated through deamination and
dccarboxylation of originally generated ion
radicals. The yield of the neutral radicals
(number of radicals per ion) in the alanine
films irradiated with 220MeV C^+ ions are
shown in figure 1. The yield in each film of
the piled samples is shown as a function of
ion fluence (number of radicals per unit area).
The radical yield in the eighth film is
negligible, and is not shown. The energy of
the ion in each film is shown in table 1. The
yield is constant below a critical fluencc, and
decreases at higher fluenccs. The critical
fluence is independent of the ion energy, and

isl-2 x 1()11 ions cm"3. Above the critical
fluence, the yield decreases with increasing
ion fluencc. This arises from overlap of the
ion tracks, which enables the intcr-track
combination the radicals to occur. The radius
of the ion tracks is estimated from the critical
fluence to be ca. 18nm. The radius is between
the radius of 4-6nm for ().5-3McV H+ and
He+ ions[l, 2] and the radius of 40-60nm for
175MeV and 460McV Ar ions[2]. This
difference in the radius arises from the
difference in local dose distribution in ion
tracks. Radial dose distribution in ion tracks
of C ions is shown in figure 2. They are
calculated with equations proposed by
Chattcrjec ct al.[4, 5] The radius at the dose of
50kGy will be a measure of the track radius.

The radical yield fory-irradiation decreases
above the critical dose of lOOkGy because of
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o
•3

3

Fluence / ions cm-2

the combination reactions between the
radicals: the region produced through the
overlap of the region higher than 50kGy
exceeds the critical dose. The radius is 2-6nm
for 10-220MeV C ions. Tin's value is between
l-3nm for the H and He ions and 10-2()nm
for the Ar ions. The radius hence reflects the
local dose distribution in the ion tracks.

Table 1. Initial and final energy of C
ions(incidcnt energy of 220MeV) in each film
of the piled alaninc film dosimeter.

Film Energy of the Ions / McV
Initial Final

1
2
3
4
5
6
7
8

220
200
179
156
129
96
52

200
179
156
129
96
52

0
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-
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c
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pi 220McV

V x

x' \

ion

\

\

50kGj •

-

-

\ '

-

lO"1 10"
r/m

10" 10'-

Fig.2. Radial dose distribution in ion tracks of
C ions calculated with equations proposed by
Chattcrjcc ct al.(rcfs. 4 and 5).

Fig.l. Radical yield in alaninc film dosimeter irradiated with 220MeV C ion as a
function of ion flucnce; the yield in the first ( O ) . l n e second (Q) , the third ( • ) , the
forth ( B ), the fifth ( A ), the sixth ( A ), and the seventh (<> ) films.
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Fig.3. G-valucs of the neutral radicals in ion-
irradiated alaninc as a function of average
LET(<LET>); H ions ( O ) , He ions ( £ ) , Ar
ions ( • ) and C ions ( • )•

G-value of the radicals can be estimated
from the constant yield at the low fluenccs. In
figure 3, G-values for the C ion (sum of the
yield in the seven films) and for the H, He
and Ar ions[l, 2] are shown as a function of
average LET(<LET>) during the path of the
ions in the sample. The yield for H and He
ions tends to decrease with increasing
<LET>. However, the yield for Ar and C ions
is not on the same G-valuc versus <LET>
curve.

The G-valuc is shown in figure 4 as a
function of local dose. The local dose
(<dosc>) in ion tracks is calculated with a
simple cylindrical model, where the ion
energy is uniformaly distributed in a
cylindrical ion track having a length of the ion
range and a radius estimated from the critical
flucncc. Apparently there is a correlation: the
G-values decreases with decreasing <dose>.

The dependence of the yield of the neutral
radicals and their precursor ion radicals fory-
irradiation on dosc[6] is shown in figure 4 for
comparison. The efficiency of the formation
of the neutral radicals and their ion radicals
decreases at the high doses because of the
decay of the radicals through combination
reactions. The G-valucs of the neutral radicals
for the ion irradiations drop on the curve of
the ion radicals rather than that of the neutral
radicals. This indicates that the dependence
of the G-valuc on the radiation quality is

10°

Fig.4. The G-values in fig.3 as a function of
local dose (<dosc>) calculated with a
cylindrical model (sec text). The dependence
of the yield of the neutral radicals (- -) and
of the ion radicals ( -) for g-irradiation on
dose arc plotted for a comparison.

primarily determined by the efficiency of the
combination reactions between the precursor
ion radicals. On the radiolysis of ion beams
the ion radicals arc densely generated in ion
tracks at once, so that some of the ion radicals
combine with each other to disappear.
However, on the radiolysis of low-LET
radiation at 300K the ion radicals arc
converted to the neutral radicals before the
other ion radicals are generated.
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3 . 4 The ion beam radiolysis using the JAERI-AVF cyclotron
- The time resolved luminescence measurement system -
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The effects of radiation quality has
been one of important problems to resolve
not only in radiation chemistry but also in
health physics and in medical and industrial
applications of radiation. In the radiolysis
with y-rays and with energetic electrons, the
rate constants for various reactions, the
effects of solutes, the effects of solvents etc.
are well-established up to present time,
based on the experimental and theo-retical
works. However, in the case of radiolysis
with charged particles like heavy ions, the
kinds and the yields of products are
unpredictable probably because huge energy
could be deposited in much localized
volume in the materials, compared with that
in the radiolysis with y-rays and electrons.

In order to elucidate the difference
in chemical reaction mechanism due to the
radiation quality, we are planning to
investigate the whole radiation chemical
process induced by high energy heavy ions
based on experimental observation of
reactive species and reasonable estimation
of energy deposition in material, taking into
account diffusions of the reactive species
and energy transfer reactions.

In this fiscal year(1994), time-
resolved luminescence measurement system
has been constructed at the port HX-1 of the
AVF cyclotron in TIARA of JAERI-
Takasaki. Here we introduce the system
with its characteristics obtained by meas-
urement of F+ center luminescence of
A12O3. In all experiments, 175 MeV
40Ar8+ beam with the accelerating fre-
quency in the cyclotron of 15 MHz was used
and the beam pulses were reduced to 1/5 or
1/6 by the chopping system (S-chopping)
installed near the exit of the cyclotron.

Fig. 1 shows the diagram of system,
which is composed of beam pick-up part
and optical measurement part. The pick-up
signals are obtained by detection of
secondary electrons emitting from a carbon
foil (15ug/cm2 thick) on passing through out
of accelerated ions. The electrons are
detected at the angle of 45 degree to the
beam direction and a two-stage-
microchannel plate with a single anode
(F4655, HAMAMATSU) is used as the
detector. The signal is drawn via C-
coupling and amplified by a preamplifier
(C5594, HAMAMATSU) whose frequency
bandwidth and gain are 50 k to 1.5 G Hz and
36dB (Voltage gain of x 63), respectively.
After eliminating the noise pulses by a
constant fraction discriminator (583,
ORTEC), the time correlation with the rf-
signal for the beam chopping system (S-
chopping) by a time to amplitude converter
(567, ORTEC), adjusting the time delay of
the rf-signal with a gate and delay generator
(416A, ORTEC). The time correlation data
are accumulated with multi-channel
analyzer (MCA98B, Labo:) in pulse height
analyzing mode to get time distribution of
the secondary electrons from the carbon
foil.

In the beginning, we used a carbon
foil with the effective area of 25mm<|) in
diameter and the detection angle of 60°.
The separation between the center of the
foil and the microchannel plate was about
150 mm. With this setting, we got a time
distribution of secondary electrons including
some slow, low energy, electrons which
could be easily eliminated by applying a
repulsing voltage of 50 V in front of the
micro channel plate. The best time
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out in

Fig. 1 The diagram of time resolved luminescence measurement system at HX-1 port of AVF cyclotron.

distribution has the FWHM of 8.6 ns. After
the improving of this system with changing
the effective area to 10mm<j) in diameter, the
separation to ca. 50mm, and the detection
angle to 45°, the FWHM has become to 4.5
ns.

Fig. 2 shows the rate of pick-up
signal as a function of DC current of Ar
beam expressed in the rate of fluence. It
indicates a good linearity, up to 1 x 106 Ar
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Fig. 2 The correlation between pick-up count rate
and Ar ion beam current.

/sec, of pick-up count with ion beam
current, indicating that only one Ar ion
exists in every counted bunch. However,
there is nearly 1 order difference between
the values of pick-up count and of particle
current, probably because the efficiency in
the detection of electrons for beam pick-up
is around 10%. Furthermore, constant pick-
up counts above 108 Ar/sec is reasonablly
understood. Probably, every bunch has Ar
ions, so if detection efficiency is 100%,
every bunch will be counted. But the
saturated value(600 kcps) is much less than
Ar pulse frequency (3 MHz). If the
detection efficiency is 10% for one Ar ion,
the saturated value will show bunches with
more than two Ar ions are detectable in our
system. But, it is possible that the
saturation will come from the detection
limit due to the dead time of the
microchannel plate.

The time resolved luminescence
measurement on the target of poly-
crystalline A12O3 (AF995R, Desmarquest)
has been done with three kinds of measuring
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system. (1) photon counting system using
photomultiplier tube (H3177, HAMAMA-
TSU) and correlation with S-chopper signal
in the same way of the pick-up system. (2)
real-time direct observation system by
photo-
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-

'•' 4 7 ns
!

_

500 100(1
channel number

Fig. 3 The time priolile of F^ center luminescence of
AI2O3 irradiated with 175 MeV Ar ions from JAERI-
AVF cyclotron

multiplier tube (H3378, HAMAMATSU)
and integration of signals by a digital
storage oscilloscope (TDS540, Tektronix)
and (3) streak camera system (C2830,
HAMAMATSU). In these three measure-
ments, the S-chopper signal was used as a
reference time for the beam (t=0). The
wavelength region for measurement was
selected by an interference filter for (1) and
(2), or a spectrograph (HR320, Jobin-yvon)
for (3).

Fig. 3 shows the measured time
profile of F+ center luminescence induced
by irradiation of 175 MeV Ar ions, as a
typical responce function of the lumines-
cence measuring system of (1). The time
resolutions were 4.7, 10.2 and 5.5 ns for
systems (1), (2) and (3), respectively. For
(3), the entrance slit of steak tube was
relatively wide to weak light, so it is
possible to get higher resolution with a
better arrangement of optical devices such
as lenses. For all systems, since data were
accumulated for more than hundreds of
pulses, the contribution of time jitter of ion
pulses to the measured resolution, seems not
so trivial to neglect. Then using the pick-
up signal for start of the measuring systems,

instead of the S-chopper signal, should be
needed to get a better time resolution. In
the next term, we will try to develop the
system for time resolved optical absorption
measurement, especially for liquid samples,
with increasing beam current on the target
and with making delicate arrangement of
light path to the detector etc.
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3 . 5 Radiation Effects of Ion Beams on TCNB in PVA Films(II)

Mitsumasa TAGUCHI1, Yuuichi MATSUMOTO2, Hiroshi HIRATSUKA2,
Hideki NAMBA1 and Yasushi AOKI1-
lTakasaki Radiation Chemistry Research Establishment, JAERI
2Dcpartment of Chemistry, Gunma University

l.Introduction
It is supposed that the heavy ions irra-

diation induces a local energy deposition
in the target materials, which makes a
track along an ion trail. To obtain the
information of the track structure we
have studied absorption spectra and its
fluence dependence of TCNB(tetracya-
nobenzene) in PVA[poly(vinyl alcohol)]
film irradiated with heavy ions.

By measurements of UV-VIS absorp-
tion spectra after the irradiation, TCNB
anion radical that has a long lifetime of
hours at room temperature was ob-
served. ̂  Furthermore the dependence of
the production of the TCNB anion radi-
cal on the fluence was examined for
different fluence. We investigate the
radii of tracks and the energy densities in
the tracks produced by the heavy ions
irradiation.

2.Experimental
Samples used were PVA films doped

with TCNB for UV-VIS absorption
measurements. The size of sample film
was lxl cm2 square and 300 |U,m thick.
The concentration of TCNB in PVA film
was about 13 mM. Ions for irradiation
was C5+(220 MeV, 120 pA), Ar11+(330
MeV, 80 pA) and Ar8+(175 MeV, 25 pA)
in EA-BRACHI2) connected to AVF
cyclotron in TIARA. The fluence de-
pendence of the production was meas-
ured by the irradiation for different irra-
diation time. The sample films were
placed on a holder in a vacuum chamber

in less than 5xl0~7 Torr. As a reference,
sample films were also irradiated by 60Co
y-ray and electron beam(2 MeV, 1 mA).
Absorption spectra of sample films
before and after the irradiation were
recorded on a Shimadzu UV-2200 spec-
trometer in air. The irradiation and the
measurements were carried out at room
temperature.

3.Results and Discussion
Figure 1 shows UV-VIS absorption

spectra of TCNB in PVA film irradiated
with C5+ and Arll+ ions. The band ob-
served in the shorter wavelength region
than 330 nm is due to the parent, and in
the longer wavelength region new
absorption bands produced by the irra-
diation were observed. There are some
peaks, e.g. at 377, 438 and 464 nm, for
both ions-irradiation. In comparison
with results of y-ray and electron beam
irradiation, the latter bands are assigned
to TCNB anion radical. The latter bands
are, however, weak in the case of Ar8+

ion irradiation and back-ground
absorption was increased in comparison
with C5+ ion irradiation. This difference
should be due to a carbonization of
PVA film induced by high energy
deposition(2900 eV/nm) of Ar8+.

The fluence dependence of a yield of
TCNB anion radical can be examined by
measuring the absorption difference
between before and after irradiation.
Figure 2 shows the plot of 464-nm
absorption difference between before and
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Figure 1. Absorption spectra of TCNB in
PVA film irradiated with C5+ ions(a) and
Ar11+ ions(b).

after irradiation against the fluence for
Arll+ and C5+ ions. The yield increased
with the fluencc in the low fluence
region and then reached maximum, final-
ly decreased gradually. The maximum
values were observed at 6xlO10 ions/cm2

for C5+ ions, and at 2xlO9 ions/cm2 for
Ar11+ ions that is about 30 times as C5+

ions.
In order to understand the fluence

dependence of the radical yield,
TCNB anion radicals are supposed to be
produced in each tracks of the heavy
ions, these tracks were overlapped in the
high fluence region. It is assumed that
TCNB anion radicals were changed to
final products via excitation or ionization
in consequence. It is supposed that the
structure of the track is cylindrical and
the energy density in the track is homo-
geneous for simplicity. As results of a

T • 1

radius of track.
: 18nm

10 20 30
FLUENCE/1010 ions/cm2

0.03 (b) radius of track -
: 130nm

20 „ 40
FLUENCE /108 ions/cm2

Figure 2. Fluence dependence of the
464-nm absorption difference of TCNB
in PVA film between before and after
irradiation for C5+(a) and Ar11+(b) ions.

simulation based on the above assump-
tion, fluence dependence of relative
absorbance were obtained on the differ-
ent radii of the track. The radius of the
track has been estimated to be 18 nm,
being in good agreement with the exper-
imental results for C5+ ion irradiation as
shown by solid line obtained by the
simulation in Figure 2(a). The radius of
tracks was obtained as to be 130 nm for
Ar11+ ion irradiation as shown in Figure
2(b).

The radii of penumbras estimated by
theoretical calculation were 4.5 |nm and
1.6 |iim for C5+ and Ar11+ ions, respec-
tively,3) and are 1 to 2 order(s)
bigger than the radius obtained by the
simulation. In order to understand the
difference of these radii of the tracks, we
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Figure 3. Initial average energy densities
obtained by theoretical calculations for
C5+ and Ar11+ ions.

calculate the average initial energy densi-
ties in the track for each ions.3) Figure 3
shows the results of the calculation for
the initial average energy densities. It is
understood from the graph that the
energy densities in the track obtained
from the simulation are higher than 10"3

cV/nm3 level, though a little difference
is present between C5+ and Ar11+ ions.
This level is nearly equal to 100 G; .
This should indicate that TCNB anion
radicals could be produced in the region
with higher dose than the above in the
track.
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3 . 6 Microdosimetry with Heavey Ions (III)

Hideki Namba, Mitsumasa Taguchi, Katsutoshi Furukawa2,
Ynsushi Aoki nnd Shin-ichi Ohno3

JAERI, Takasaki, Biotech. Lab., JAERI, Tokai, Lascr-Chem. Lab.2,
Tokai Univ., Inst. Res. Develop.3

I. Introduction
Irradiation with high energy heavy ions

gives rise to ununiform energy deposition
to the materials to make so-called "track
structure". Ionizations and excitations by
the energy deposition will be successive to
the direction of incident ions, however,
there exist very large dependence of dis-
tance from the incident ions to the vertical
direction of incident ions. This is mainly
caused by secondary electrons produced by
incident ions. These secondary electrons
are produced by electronic excitation
process that is the main process for the
energy deposition by high energy heavy
ions. It is very important for the radiation
chemists to get the information of energy
deposition around the ion beams in order to
clarify the "chemical effects" followed by
the energy deposition. However, there are
only a few research works to investigate the
energy deposition directly because of
experimental difficulty.

We have installed an experimental
apparatus for basic study on radiation
chemistry with heavy ions ( EA-
BRACHI ) at HX1 port of AVF cyclotron
in TIARA,^ and started to measure the
spatial distribution of energy deposition to
gaseous Ar induced by high energy Ar ion
beams.2>3^ In this paper, we report the
absolute dose measurement near the range
or "cut-off limit" of secondary electrons.

II. Experimental
The experimental apparatus for this re-

search is essentially the same as we have
reported before.2'3^ Heavy Ar ion beam
( 175MeV ) from the cyclotron are intro-
duced to the EA-BRACHIa) through a
bending magnet of HX1 port connected to a
vertical beam port in Second Heavy Ion
Irradiation Room. EA-BRACHI has
differential pumping system with turbo-
molecular pumps, tantalum collimators
and pressure control system. It is possible
to control the pressure in the third chamber

with this system during ion beam irradia-
tion.

Gaseous Ar is introduced to the third
chamber with controlling its flow rate by
mass-flow controller ( MKS 147B ). The
pressure of the gas is measured with pres-
sure sensors ( MKS Baratron 122A and
127A), and controlled with pressure con-
troller ( MKS113A ) by pumping through
throttling valve ( MKS 253A-2-4CF-2 )
connected to the turbo-molecular pump
( Osaka Vacuum TG1000M ) in the third
chamber.

Ar ion beams from AVF cyclotron were
introduced to the third chamber of EA-
BRACHI. The beam monitoring and posi-
tion setting were done as described before2).
The ion beam was introduced through the
collimator (0.1mm ) connected to the third
chamber. Two small ionization chambers
were set on a stage, which arc possible to
move all directions with an accuracy of
5[im. Ionization current induced by Ar ion
beam was measured by two electrometers
( Keithley 617 ) connected to the collecting
electrodes of ionization chambers. D.C.
voltage was supplied to the high voltage
electrode from high voltage power supplies
( Hamamatsu C3350 ). The signals were
transferred by an optical fiber to the neigh-
boring operation room, and were accumu-
lated by a computer ( NEC PC9801NA )
with 10 times sampling after the current
being steady state.

The intensity of the incident ion beam
has fluctuation during the irradiation, there-
fore, the beam intensity was monitored by
measuring the ion beam intensity at the
third collimator with another electrometer
( Keithley 617 ) and calibrated with the
relationship between the collimator beam
current and incident ion beam through the
third collimator.

III. Results and Discussion
Fig. 1 shows the applied voltage de-

pendence of relative ionization current in-
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duccd by 175McV Ar beam irradiation in
7.6 torr Ar gas at 41.5mm, 56.5mm,
71.5mm, and 130mm from the beam center,
respectively. The relative ionization current
means the ionization current induced by the
ion beam per incident ion beam current
( dimension less ). The applied voltage
region about 70V, the ionization current
became constant ( saturation region ),
whereas the ionization current increased
rapidly at more higher voltage. The value
of the saturation current is decreasing with
increasing the distance from the cinter of
the incident ion beam. The current corre-
sponds to the amount of ions produced
inside of the ionization chambers.

The density of the water ( lg/cm3 ) is
usually used as a standard because it is the
main component of living body. The dis-
tance from the ion beam reduced to the unit
density, R ( nm ), is expressed with the
distance from the ion beam in gas at density
p, Rp ( nm ).

R = Rp-pg/pr (1)

where p t is the density of the gas and p. is

D= 1.6 X l(rlf> L

unit density ( lg/cm3).

The dose at distance R, D ( Gy ), is ex-
pressed as follows;

l,V-p -K

Where I is ionization current measured by
the mesh ionization chamber, I; is beam
current of incident ion, Z is charge of incid-
ent ion, V is a volume of mesh ionization
chamber, Wc is W-valuc of gaseous argon,
and K is transparency of mesh ionization
chamber. The dose distribution curve
around with 175McV Ar8+ ion beam ob-
tained with equation 2 is shown in Fig. 2.

The amounts of produced ions were
predicted^ to be proportional to reciprocal
square of the distance ( r ). The dotted line
in the figure indicates the curvature of r~3

and r"4. The solid line in the figure is the
result of the least square fitting: the best
fitting was r~3fl. The icsults obtained in
this paper and our former papers2"3) indicate
that the amount of energy deposited around
the ion beam gradually shift from r~2

dependence to more sharp decrease with
increasing the distance from ion beam.

The absolute dose value, 2.9Gy at
745nm, agrees with our former experimen-
tal results obtained with Tandem accelera-
tor in Tokai Research Establishment5) and
theoretical calculations^.

c
CD

I4
"TO
N
"c

CD

CD

Applied Voltage (V)
100 1000 2000

Distance from Ion Beam (nm)

Fig. 1. Applied voltage dependence of
induced ionization current.

Fig. 2. Saturation current at different
distances from the center of ion
beam.
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3 . 7 Characteristics of Various Film Dosimeters for Ion Beams (III)
— Design and development of dosimctry system for irradiation

of film dosimeters —

Takuji KOJIMA, Hiromi SUNAGA, Haruki TAKIZAWA.
and Hiroyuki TACHIBANA
Advanced Radiation Technology Center, JAERI

I. Introduction
Absorbed dose is a common measure for

interpretation and comparison of radiation
effects of ion beams on organic materials
and biomaterial samples. Characteristics of
dose distribution in materials especially for
depth profile is also vital for them.

We have started development of ion beam
dosimetry techniques using a simple current
(charge) monitoring system and several thin
film dosimeters of about 10 to 200 |̂ m in
thickness which are well established both for
60Co-gamma rays and electron beams of
energies from 0.15 to 3 McV. Study on dose
response characteristics of film dosimeters
and development of depth dose profiling
technique with high spatial resolution have
been preliminarily carried out for ion beams
from the AVF cyclotron in TIARA1'2* using
alanine-PE3), Gaf4*, Radiachromic(RCD)5),
and cellulose-triacctate(CTA)6) dosimeters.

In these irradiation experiments, a thick

graphite plate placed at downstream of ion
beam path was used as both an absorber for
current monitoring(in terms of charge) and
also a mount of irradiation samples.
However, rcproducibility of monitoring was
not sufficient to meet our purpose since this
monitoring system might be influenced by
insulation property of irradiated dosimeter
materials, secondary electrons escaped from
the absorber surface, contamination of the
same m/q particles, and backscattcring and
spattering of incident ions, etc..

A total absorption calorimeter which is
almost independent of above influences, was
applied to estimation of resultant uncertainty
in measurement of incident charge, under
simultaneous irradiation with a Faraday cup
in the wide uniform irradiation field. Once
the uncertainty in charge measurement is
estimated by the simultaneous irradiation, a
Faraday cup can be used for calibration of
film dosimeters in a stack condition

<SYSTEM> <SIMULTANEOUS
MEASUREMENT>

<PURPOSE>

TOTAL ABSORPTION
CALORIMETER

FARADAY CUP

FILM DOSIMTERS

ENERGY PER
UN1 IT AREA

PARTICLE
FLUENCE

ABSORBED
DOSE

UNCERTAINTY ESTIMATION
FOR FLUENCE MEASUREMENT

DOSIMETER CALIBRATION
(LET DEPENDENCE STUDY)

DEPTH-DOSE PROFILING

Fig.l A combined dosimetry system
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simultaneously irradiated and/or profiling of
radiation field through accurate calibration
of dose response of film dosimeters. The
simultaneous irradiation method also enables
us to reduce uncertainties due to instability
of ion beam parameters.

From this point of view, we designed and
developed a combined dosimctry system as
shown in Fig,. 1, and a simultaneous
irradiation apparatus which arc attached to
the "wide-area ion irradiation chamber"7'.

II. A combined dosimctry system
A total absorption calorimeter allows us to

measure energy fluence, absorbed energy per
unit irradiation area. Aluminum was selected
as the absorber material to give sufficiently
measurable temperature rise with short
irradiation time and to minimize radiation-
induced activation by ion beams. The
absorbers consists of a 30 mm diameter
plate and a fcrrule(2.5 mm in diameter, 5
mm in length) behind the plate. Four plates
of 0.5, 1, 2, and 3 mm thickness were
prepared correspondent to different ion
ranges. The temperature rise in the absorber
is measured by a high-accuracy thermistor
(head size of 1 mm diameter) imbedded in
a ferrule part of the absorber which is
connected with a thermometer recorder
(Technol Seven D632). Temperature rise by
ion beam irradiation is usually controlled
within about 5° C.

The designed Faraday cup consists of a
130-mm long cup with a graphite absorber
(40 mm in diameter and 30 cm in thickness)
and a high-voltage suppression elcctrodc(40
mm in diameter, 30 mm in length). The
digital electron current intcgrator(ORTEC
439) was used to measure integrated charge.
Uncertainties in charge measurement was
estimated by simultaneous irradiation of the
Faraday cup with the calorimeter through
apertures of the same squarc(7.1 cm2), as
shown Fig.2, on the basis of calibrated
energy of incident particles.

Characterization of ion-beam dose
response of thin film dosimeters such as
alaninc-PE, RCD, Gaf, and CTA can be
also performed by their simultaneous
irradiation, as shown in Fig.3, with the
Faraday cup monitoring well-established by
calorimctry.

HI. Results and discussion
In advance to irradiation experiments, the
current(chargc) measurement system was
calibrated using a standard current supplier
(Kcithley Picoampcrc source 261). The
obtained uncertainty in charge measurement
in 7.1 cm2 square was within in a few nC
level, although there was a constant
background signal of about 0.03 nA. To
minimize this contribution down to a few
percent, we irradiated ion beams up to a few
|.iC as a total charge.

ION H U M S D

D

C A L O R I M E T E R

( T E M P E R A T U R E - R I S E

M E A S U R E M E N T )

FARADAY CUP

(CHARGE M E A S U R E M E N T )

Fig.2 Simultaneous measurement using a
calorimeter and a Faraday cup in uniform-
flucncc field

ION B E A M S
T H I N F I L M D O S I M E T E R S

0 h FARADAY CUP
(CHARGE M E A S U R E M E N T )

Fig.3 Irradiation of film dosimeters in
uniform-fluencc field based on real-time
monitoring by a Faraday cup
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Irradiation experiments using the above
combined dosimctry system were carried out
in scanned beams field of 100x100 mm for
20 McV proton and 220 McV carbon beams.
The currents of both beams measured in the
7.1 mm2 square were about 20 nA.
Suppression voltage of -100 V was applied
for both ion beams.

Measured value of accumulated charge for
a few minutes, which result in about a few
j.iC as a total, was compared with a nominal
value estimated by an energy analyzer. As
preliminary results, estimated values for
proton and carbon beams were agreed with
nominal values within ±0.8% and ±0.1%,
respectively. The results showing potentiality
of accurate beam current monitoring lead us
to improve reliability in studies on
characteristics of film dosimeters by
simultaneous use of this charge measurement
system.

IV. Summary
For improvement of reliability in study on

characteristics of various film dosimeters,
we designed and developed a combined
dosimctry system consisted of a total
calorimeter, a Faraday cup, and thin film
dosimeters, and a simultaneous irradiation
apparatus of film dosimeters. As preliminary
result using 20 McV proton and 220 McV
carbon beams, we confirmed that the system
has potentiality to measure beam current
accurately. Further study using other ion
beams is in progress on dose response
characteristics of film dosimeters based on
the reliable beam monitoring.
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4 . 1 High Energy Ion Irradiation Effects on Polymer Materials(III)

H.Kudoh, T.Sasuga, T.Seguchi

Takasaki Radiation Chemistry Research Establishment, JAER1
Takasaki, Gunma, 370-12 Japan

1. Introduction
For the evaluation of radiation resistance of

polymer materials applied in space environ-
ment and nuclear facilities, ion irradiation
effect on polymers have been studied. The
irradiation effects were investigated on the
point of linear energy transfer(LET) of
polymers in terms of changes in mechanical
properties such as elongation and strength at
break, and always compared with electron
beams or gamma-rays irradiations 1>2'3). It was
found that there seems to be little or no LET
effect for various polymers such as polycthyl-
ene(PE), polytctrafluoroetylene(PTFE), poly-
mcthylmethacrylate (PMMA), epoxy matrix
resin in glass fiber reinforced plastics(GFRP)
for protons of 10-45MeV and He2+ ions of
20-50MeV. Similar results were observed for
other polymer materials in other studies. On
the other hand a few polymers such as poly-
cthcrsulphonc(PES) and Uderpolysulphone
(PS) showed a significant LET effect2),
however, these polymers were found to be
affected by the polymer's temperature during
irradiation of gamma-rays or electron
beams3).

In this report, the high LET ion effect, that is,
heavy ion irradiations effect on polymers are
described. The heavy ions are C5+, O5+, Aru+,
and polymers of PE, PTFE, PES, and Cellu-
lose tri-acetate(CTA) as a dosimeter were
used. The discussion of LET effects by these
heavy ion irradiation is concentrated to the
chain scission of PMMA in this report.

2. Experimental
(1) Materials; PMMA of 3mm thickness

commercial glass grade was formed to thin
film less than 0.01mm by casting in chloro-
form solvent. CTA film dosimeter of
0.125mm thick film was used as received from
Fuji Photo film Co.Ltd.
(2) Irradiation; An ion spot beam of 10 mm
diameter from TIARA Cyclotron accelerator
was scanned uniformly to material in a
lOOmmxlOOmm area under vacuum. The
details of the ion irradiation procedure are
reported elsewhere. The stopping power of
ions to PMMA and CTA was calculated with
the TRIM code and the absorbed dose was
determined as the product of the stopping
power and ion fluence. The stopping power
and range calculated by TRIM code are shown
in Table 1. For determination of LET and
dose, the stopping power was used at the
surface value for PMMA, and the average
value at surface and at 0.125mm depth for
CTA.
(3) Measurements; The molecular weight of
PMMA was measured by gelpermiation
chromato-graphy(GPC) with chloroform
solvent. The optical density of CTA at 280nm
was measured, and the dose was calibrated by
compared with that of electron beam irradia-
tion.

3. Results and discussion
The changes of molecular weight of PMMA

were determined by GPC measurements after
ion irradiation. The number average molecular
weight is plotted against dose in Fig.l. The
chain scission is relatively small for heavy
ions of C5+ and O5+. The chain scission proba-
bility of PMMA, G(s), is calculated from Fig.l
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data, and is plotted against LET(unit in
kcV/j-im) as shown in Fig.2. The G(s) is
almost constant until around 15kcV/(im, then
tends to decrease at higher LET. So, it seems
that there is a threshold in LET. For CTA film
dosimeter, the abosorbance(at 280nm), which,
is sensitivity as a dosimeter, after ions irradia-
tions is also plotted to stopping power calcu-
lated by TRIM code. In this case, the sensitivi-
ty is almost constant until around 200McV.
cm2/g(LET: 15keV/|am), then decrease at
higher LET as same as PMMA in Fig.2.
Therefore, if the G(s) of PMMA is normalized
by the sensitivity of CTA dosimeter for the all
LET range, the LET effect on chain scission
might be canceled.

Above analysis of LET effect is based on the
calculation of TRIM code. When the TRIM
code is applied appropriately for heavy ions to
polymers, the LET threshold in Fig.2 could be
explained by the reaction mechanisms such as
high density active sites reactions in an ion
track model or the overlap of the tracks by
multi-irradiations in the same position in the
polymer sample.

If the TRIM code for heavy ions is not ad-
justed in polymer matrix, the actual energy
deposition deviates from the calculation, then,
the absorbed dose must be corrected according
to the deviation.

In the research of profile analysis of products
in micro-area of ion beam irradiated polyeth-
ylene by Hama group4), the double bond
formation is rather well coincident with TRIM
code calculation for proton and Hc2+ ions, but
is much deviated from the calculation for
heavy ions as O5+, Ar8+ and Ar11+. The energy
deposition occurs in wide range than the
TRIM code calculation, then, the actual dose
deposited in an unit target polymer become
smaller by 1/2 or 1/3 than the calculation.
When these correction was applied to Figs.l
and 2, the G(s) should be almost constant for
any LET, that is, no or little LET effect.

4. Conclusion
High energy ion irradiation effects on

PMMA and CTA were studied by following
changes in molecular weight and optical densi-
ty. Both polymers showed little LET depend-
ency below around lOkeV/um, but above this
threshold value, the probability of chain scis-
sion tends to decrease with increasing LET.
When TRIM code calculation could be applied
to polymers for heavy ion irradiation, the
observed LET dependence might be explained
by the ion track or spur model. If TRIM code
was not applicable, the evaluation method for
absorbed dose determination should be de-
veloped, then the LET effect become clear.
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Table 1 Stopping power(S: MeV cm2/g) of ions and the penetration range(R: mm) for PMMA
and CTA

Ion
Energy(MeV)

Stopping power
(MeV cm2/g)

Range(mm)

PMMA

CTA

PMMA
CTA

H+

30

16.3

18.1

7.2
7.1

He2+

50

138

148

1.5
1.46

C5+

220

570
1010*
647
969*

1.03
1.00

0 6 +

160

1616

1836
3190*

0.14
0.13

05+

100

2446
4010*
2783
7380*

0.15
0.14

Ar11 +

330

8836

10052
20900*

0.29
0.28

* average between ions incoming surface and outgoing surface with the thickness of samples.
The others arc the value at ions incoming surface.

Dose(MGy)
0 0.1 0.2

0

-0.04

-0.02

0.01 0.02
D.ose (MGy)

0.03

Fig.l Change in number average molecular
weight of PMMA

O ; ̂ Co Y-ray, Q ; H+(45MeV)
• ; H+(30MeV), ± ; C

5+(220McV)
A ; O5+(100MeV)

10-1 101

LET(kcV/fxm)
Fig.2 G-valuc of chain scission, G(s),

for PMMA as a function of LET
• ; this work
O ; reported values taken from refcrcncc(5)
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4 . 2 Heavy Ion Irradiation Effect on Light Absorption
of Polymer Films

Tetsuhito Arakawa*. Noboru Kasai, Shun-ya Yamamoto, and Tadao Scguchi

Department of Material Development, Takasaki Radiation Chemistry
Research Establishment, JAERI
* Faculty of Engineering, Tokai University

Introduction
Polymer films, which arc applied in satellite

as the covering materials, arc exposed to ions
and electrons. The changes of the physical and
chemical properties such as a light reflection
or absorption arc induced by the exposure. For
the evaluation of radiation resistance by ions,
a heavy ion of Ni was irradiated and the light
absorption was measured, and the changes
were compared with the electron beam irradia-
tion.

Experimental
Material: polycthylcnc-tcrcphtalatc (PET;

thickness 0.1 mm), polycthylene-naphtalate
(PEN; 0.025mm), polybutylncnc-naphtalatc
(PBN; 0.02mm), and polyethcrcthcrkctonc
(PEEK; 0.006 mm) films were used, which are
all transparency to visible light.

Ion irradiation: Nickel ion (N\4+) accelerated
to 15 McV by Tandem accelerator in TIARA
was exposed to each film under vacuum by
specimen scanning using a special apparatus^
in Fig.l. The specimen, mounted on an alumi-
num rotor of 50 mm diameter, is rotated and
moved repeatedly along the rotational axix.
For the reference of ion irradiation, 2 McV
electron beam was irradiated under vacuum.
The ion and electron irradiation conditions arc
shown in table 1.

Measurement: The absorption of light for
specimen after and before irradiation was
measured by a photomcter(Beckman DU-65)
in the range 200 nm - 900 nm at room tem-

perature in atmosphere.

Results and discussion
The dose absorbed in polymer film by ion

irradiation was calculated from the ion flu-
ence/cm2 and stopping power of Ni ion using
TRIM codc(for PET, 1.9xlO4McV.cm2/g). For
electron beam irradiation, the dose was evalu-
ated by a film dosimeter of CTA, and the
stopping power is 1.8 McV.cm2/g. Figure 2
shows the spectra of absorption on PET films
irradiated by Ni ions and electrons. The ab-
sorption occurs mainly in the range of lower
wave length less than 500 nm, and the
maximum at 300-400 nm. Though the absorp-
tion spectrum is some different between Ni
ion and electron irradiations, the absorbance at
400 nm was plotted against absorbed dose for
PET film in Fig.3. The absorbancc increases
linearly with dose for both irradiations. The
PET film is 100 micrometer thickness, and the
ion penetration is only 6 micrometer, but
electron penetrates throughout the film. So,
the absorbancc was compared by the normal-
ized thickness by the ion penetration thick-
ness; that is 6 micrometer. The absorbancc per
dose is about 100 times larger in case of Ni
ion than in electron irradiation.

In a case of electron irradiation, the absorb-
ancc depends on the irradiation condition as
the absorbance increased with the higher dose
rate and decreased by irradiation in Helium
atmosphere, which is supposed to be depended
on the material temperature during irradiation
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by beam heating.
For PEN, PBN, and PEEK films, the absorb-

ance showed the same tendency; that is, the
nbsorbnncy wns high by nbout 102 times in Ni
ion irradiation compared with electron irradia-
tion.

The increase of absorbancc at 300-400 nm in
these aromatic polymers is thought to due to
the formation of double bonds beside phenyl
group. In the study of gas analysis after radi-
olysis for PET(2>, PEN(2\ and PEEK(3>, the
products were carbon dioxide, carbon monox-
ide and hydrogen.
The LET in Ni4+(15McV) is calculated to be

104 times larger than the LET of 2McV elec-
tron as seen in table 1. The absorbancc in high
LET is about 102 limes. So, high LET radia-
tion seems to induce the much of double
bond formation. In the radiation chemistry, it
is supposed to be that the absorbed energy at
phenyl group is delocalized so the chemical
reaction is much reduced. However, the depos-
ited energy by high LET radiation may be
enough large to induce the chemical reaction
after dclocalization at phenyl group. The
other mechanism is the thermal effect by beam
heating. In the case of electron irradiation, the
absorbancc increases with temperature of
samples during irradiation. The high LET ion
beam irradiation produce the beam heating in
the local area of sample because the polymer
materials are very low thermal conductivity.

Conclusion
A heavy ion of 15McV Ni4+ irradiation effect

on phenyl polymer films was investigated by
the absorption measurement, and compared
with the electron beam irradiation. The ab-
sorbancc was about 102 times larger in Ni ion
than electron irradiation for all materials. The
big difference between two irradiations is
thought to be the LET effect and/or thermal
effect by beam heating. The irradiation tem-
perature effect must be cleared by low LET

irradiation.
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Fig.l Ni ion irradiation chamber attached at the

beam port of TANDEM accelerator
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Table 1 Ni ion and electron beam irradiation conditions

Ni4+

Accelerated energy
Beam current

Stopping power
Penetration depth (for PET)

Irradiation area
Dose rate (Average)

15MeV
5,6,10,20 nA

1.8XlO4MeV-cm2/g
6 U m

62.8 cm2

1,1 kGy/s

2MeV
4,6 mA

1.8 MeV • cm2/g
8 mm

120cm beam scan
5.0 kGy/s

3
o
CO

_<0MGy>

<EB 2MV 4mA>

5MGy
15
35

200
' * ' ' .I «-•.,'-•,

400 600 800
WAVELENGTH (inn)

J_L

D • -EB 2MeV,4mA,He A- • -Ni4+15MeV,5nA,Vacuume
O- • -EB 2MeV,4mA,He <> • -Ni4+15MeV,6nA,Vacuume
©•••EB 2MeV,6mA,He V-"Ni4+ 15MeV,10nA,Vacuume
H • • -EB 2MeV,8mA,He ® • • -Ni4"1" 15MeV,20nA,Vacuume

Fig.2 Photo absorption spectra of PET

film (100 U m) by irradiation of 15MeV

Ni ion and 2MeV electron beams.

20
DOSE (MGy)

dO
40

Fig.3 The change of 400nm absorbance

on dose for PET film irradiated by Ni ion

and electron beams under vacuume.
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4 . 3 Ion track copolymer membranes consisting of
diethyleneglycol-bis-allylcarbonateand

acryloyl-L-proline methyl ester

Masaharu Asano, Masaru Yoshida, Hideki Omichi, Noriyasu Nagaoka*,
Hitoshi Kubota*, Ryoichi Katakai*, and Koichi Ogura**

Department of Material Development, Takasaki Radiation Chemistry Research
Establishment, Japan Atomic Energy Research Institute,
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Faculty of Engineering, Gunma University, Kiryu, Gunma 376, Japan, and

**College of Industrial Technology, Nihon University,
1-2-1 Izumi-Cho, Narashino, Chiba 275, Japan

INTRODUCTION

It is known that the latent tracks of heavy
ion particles passed through a polymer film of
diethyleneglycol-bis-allylcarbonate (CR-39)
leads to the formation of holes with a uniform
size by a chemical etching1-2. On the other
hand, a linear poly(acryloyl-L-proline methyl

3.0

2.5

2.0

I 1.5

1.0

0.5

0 I I I
10 20 30 40 50

Etching time (minutes)
60

Figure 1 Size of cone-shaped pores produced in poly(A-
ProOMe/CR-39) films with compositions of (A) 0/100, (B)
10/90, ( • ) 20/80, (A) 30/70, ( • ) 50/50, and (O) 70/30 wt %,
etched in aqueous 6M NaOH at 60°C after a 11.5 MeV/n •'"Ar
ion irradiation.

ester, A-ProOMe) is a polymeric gel which
shrinks above a critical temperature called
LCST and swells below the LCST. A
combination of A-ProOMe and CR-39 is
expected to movide an artificial intelligent
valve that would behave similarly to biological
membrane, particularly as an on-off switch
drastically responsive to a slight change of

CM

O

a,
<u

Q

I I

0 10 20 30 40 50
Etching time (min.)

60

Figure 2 Depth of cone-shaped pores in copoly(A-ProOMe/
CR-39) films. The experimental conditions were the same as
those given in Figure 1.
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Figure 3 On-off switch function of intelligent cone-shaped pores in copoly(A-ProOMe/CR-39,60/40) film treated at temperatures
of (a) 0°C and (b) 30°C for 24 hours after pretreating with water at 0°C for 3 weeks. The ion beam irradiation and etching
conditions were the same as those given in Figure 1.

temperature.
For this purpose, 100 |im thick

copoly(A-ProOMe/CR-39) films with desired
compositions were prepared by means of a cast
polymerization. The films irradiated with 40Ar
ion were etchced with an aqueous NaOH, to
evaluate the on-off switch function of pores.

EXPERIMENTAL

The CR-39 monomer containing 27 wt
% isopropylperoxydicarbonate (IPP) as a
catalyst was purchased from PPG Industries-
Asia/Pacific Ltd. The A-ProOMe monomer
was synthesized by a condensation reaction in
tetrahydrofuran, as described elsewhere3.

The 100 u.m thick copoly(A-ProOMe/
CR-39) films with compositions of 0/100,10/
90, 20/80, 30/70, 50/50, and 70/30 in weight
ratio were prepared by means of cast
polymerization. The polymerization was
carried out af 70°C for 24 h, using IPP as a
catalyst (3 wt % in monomer).

The copolymer films of 40 mm x 40 mm
attached to a glass plate of 50 mm x 50 mm x 1
mm were irradiated with a 11.5 MeV/n 40Ar
ion (fluence: 1 x 106 ions/cm2) under a vacuum
of 10-7 Torr at the AVF cyclotron of TIARA.
The films irradiated were etched in an aqueous
6N NaOH at 60°C without stirring. After the
etching, the films were washed with excess
water and lyophilized. The diameter and
geometries of ion track pores produced in the
cross-section were measured microscopically
with a Jeol JXA-733 scanning electron
microscopy (SEM).

RESULTS AND DISCUSSION

The chemical etching of the irradiated
homopoly(CR-39) film produced a
characteristic conical pore on both sides of the
film. The pore size at the surface increases
linearly with the passage of etching time and
with the introduction of A-ProOMe in the
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copolymer as shown in Figure 1.
Figure 2 shows the depth of the conical

pore in the cross-section. Pore becomes
shallow when considered with the sesult in
Figure 1 by increasing A-ProOMe in the
copolymer film. In other words, the
introduction of A-ProOMe in CR-39 film
induces the decrease in sensitivity to '"'Ar ion.

Figure 3 shows the SEM photographs
of copoly (A-ProOMe/CR-39,60/40 wt %) film
treated at either 0°C or 30°C for 24 h after
pretreating with water at 0°C for 3 weeks. It is
clear that the pore is closed at 0°C while it is
open at 30°C. This result is related to the fact
that the poly(A-ProOMe) gel in water shows a
volume phase transition around 14°C.
Probably, the conical pore at 0°C is covered
with a swollen A-ProOMe component. On
the contrary, at 40°C a real cone-shaped pore
could be observed, because of the gel
deswelling.
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5 . 1 Low-Temperature Electron-Irradiation Damage and Recovery
in Boron-Doped Graphite

Akihiro Iwase, Norito Ishikawa, Tadao Iwata, Mitsuo Watanabe
and Takeshi Nihira*
Advanced Science Research Center, JAERI
*Faculty of Engineering, Ibaraki University

As boron is thought to act as a substitutional
acceptor in graphite, boron-doping can cause a
depression of the Fermi level and an increase of
hole concentration in graphite.

To study the effect of boron-doping on
radiation damage in graphite, we performed the
following experiments; boron-doped graphite
was irradiated with 2.0 MeV electrons at 35 K.
During irradiation, the electrical resistivity
change was measured as a function of electron
fluence. After irradiation, the specimen was
warmed up to room temperature, and the
recovery of the electrical resistivity was
measured. For comparison, electron irradiation
and recovery measurement were also
performed in undoped graphite.

Figure 1 shows the electrical resistivity
change as a function of electron fluence for
boron-doped graphite and undoped graphite.
The resistivity change rate for boron-doped
graphite is much smaller than that for undoped
graphite. This is one of the effects of the
increase of hole concentration by boron-
doping. In undoped graphite, conduction
carriers are scattered by the irradiation-
produced defects, resulting in an increase of
resistivity with increasing defect concentration.
In boron-doped graphite, as a concentration of
carriers(holes) is much larger than in undoped
graphite, the screening of the strain field
around the defects by carriers may reduce the
sensitivity of the electrical resistivity to the
irradiation-produced defects.

Figure 2 shows the recovery of the resistivity
as a function of annealing temperature. For
undoped graphite, it is believed that the
irradiation-produced interstitial atoms
agglomerate and C2-molecules and their
clusters are formed around 100 K. This
agglomeration causes a large reverse recovery
around 100 K.

For boron-doping graphite, this reverse
recovery almost disappears. The experimental
result suggests that irradiation-produced
interstitials are trapped by boron below 100 K,
and they cannot form C2-molecules or clusters
around 100 K.

1
.22 electron fluence (xio16cm-2)

Fig. 1 Electrical resistivity change as a function
of electron fluenece for boron-doped
graphite(open circles) and for nondoped
graphite(solid circles). Irrdaiation temperature is
35 K.

E"10
CJ

a
to

I
O

.̂ ** *D

o

o
1 0 100 200

Temperature (K)

Fig. 2 Recovery of electrical resistivity for
boron-doped graphite and nondoped graphite.
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5 . 2 Electron Irradiation Effects on Transport Properties in

Norito ISHIKAWA, AMhiro IWASE,
* **

Koji TSURU and Osamu MICHIKAMI
Advanced Science Research Center, JAERI
*Electron Devices Laboratory, NTT Interdisciplinary Research Laboratories.
**Faculty of Engineering, Iwate University

superconducting
with 2MeV

We i r radia ted
compound

electron and performed in-situ
measurement of transport properties
such as normal-state resistivity and
superconducting critical current density
J c . We prepared c-axis oriented

EuBa2Cu3Oy thin films which had Tc

values of about 83K. Irradiation was
performed at about 100K in order to
minimize annealing of irradiation
induced defects at higher temperature.
Standard four-probe method was used
for a measurement of resistivity.
Normal-state resistivity monotonically
increased as increasing fluence. Fig.l
and Fig. 2 show current-voltage ( I-V )
characteristics at 40K and 60K,
respectively, in the field of 0T, IT, and
6T before and after the irradiation. As
can be seen in the figures, decrease of J c

was observed after the irradiation.
Subtle change of curvature in I-V curve
when 6T was applied to the sample at
60K involves delicate problem of vortex
glass transition. In order to further
investigate irradiation effect on vortex
glass transit ion, more rigorous
temperature control is needed[l].

Reference
[llJAFendrich, WKKwok, J.GSapinizakis, C J.

van derBeek, VJVLVmokur, S.Fleshler, U.Welp,
KKViswanathan and G.W.Crabtree, Phys.
Rev. Lett, 74,1210 (1995).

I-V 40K

10"

CURRENT (mA)

Fig.l current-voltage characteristics at
40K in the field of 0T, IT, and 6T before
and after the electron irradiation.

I-V 60K

10

10- 1 10° 10
CURRENT (mA)

10"

Fig.2 current-voltage characteristics at
60K in the field of 0T, IT, and 6T before
and after the electron irradiation.
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5 . 3 LOW-TEMPERATURE IRRADIATION OF REFRACTORY BODY
CENTERED CUBIC METALS

Hisanori Tanimoto, Hiroyuki Goto, Hiroshi Mizubayashi,
Shigeo Okuda, Norito Ishikawa* and Akihiro Iwase
Inst. of Materials Science, University of Tsukuba
* Advanced Science Research Center, JEARI

INTRODUCTION
The refractory body centered cubic

(bcc) metals such as Mo and W are ex-
pected for structural materials of
fusion reactors. In spite of many
experiments, however, the behavior of
self-interstitial atom (SIA) in these
metals is remained as an open ques-
tion. Since the experimental results
reported are very complicated, dif-
ferent models of SIA's are proposed
based on the specific aspects of the
results. In our recent internal
friction (Q"1) measurements of Mo
after low-temperature 20MeV proton
irradiations[1], the dislocation
pinning by free-SIA's is found to be
composed of two constituents and the
strength of the relaxation peak due
to SIA's shows a saturation with
increasing Frenkel-defect concentra-
tion (CFP). We conclude that there
exist two types of SIA's: One is the
<110>-dumbbell SIA which undergo free-
migration with rotation of the dumb-
bell axis and the other the SIA with
<110> symmetry of which migration is
constrained on a (110) plane or in a
<110> direction due to no rotational
mode [1].

To pursue the further information
on SIA in bcc metals, we carried out
the Q"1 measurements of W after 20MeV
proton irradiation at 5K [2]. In
contrast to Mo, all the dislocation
pinnings show no temperature shift
with CFP, suggesting that the defect
complexes around cascade damages
possibly trap SIA's giving no free-
SIA's in W after 20MeV proton irradia-
tion. To clarify this issue, we car-
ried out 2MeV electron irradiation,
where only the Frenkel-pair defects
can be expected.

EXPERIMENTAL PROCEDURES
Stripes of 0.5x1.5x25 mm3 were cut

out from a W single crystalline rod
purchased from Metal Crystals & Oxides
Ltd. in England (residual resistivity
ratio more than 8000). One part of
the stripes was shaped into a reed of
0.1 mm thickness by using emery
papers. After shaping, the specimens
were chemically etched and annealed at
2300 K in 10"9 Torr for 1 h.

A hand-made cryostat was set at
the end of the SX5 beam line in
TIARA, JEARI Takasaki and the low-
temperature irradiation of the W
specimens was carried out by using
2MeV electrons from the 3MV single end
accelerator in TIARA. The specimen
after irradiation at 5K was warmed up
to 60 - 100 K with a rate about 1
K/min, then cooled down to 5 K. A
sequence of irradiation and warm-
up/cocl-down was repeated with in-
creasing dose. The Q"1 and the reso-
nant frequency (f, f2~E, E:Young's
Modulus) of the specimen were measured
by using the flexural vibration of the
reed about 500 Hz. The temperature
was monitored by a copper-constantan
thermocouple near the specimen. During
irradiation and warm-up/cool-down
after irradiation, the temperature,
the Q"1 and the f were recorded in
every 30s.

RESULTS AND DISCUSSION
The low-temperature irradiation

system set up enables us to perform
the 2MeV electron irradiation below 5K
with beam intensity up to 600nA/cm2

at the specimen. Here we report the
results of the Q"1 measurements with
accumulated dose below 5xl016 e/cm2.

Figure 1 shows the changes in f
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and Q-1 observed during the warm-up
and subsequent cool-down runs after
irradiation at 5 K. It is noted that
f and Q"1 before the irradiation shows
monotonous decrease and increase with
increasing temperature (dashed lines
in Fig.l), respectively. Except the
so-called bulk effect, no changes in f
and Q-i are detected during irradia-
tion. During warm-up above 20 K after
the irradiation, f and Q"1 show
deviatory increases and decreases from
those observed before the irradiation.
The increase in f and decrease in Q"1

observed during warm-up remain un-
changed during the cool-down run. The
changes in f and Q"1 during warm-up
suggest that SIA's migrate on to
dislocations and pin down them
(dislocation pinning) above 20 K.

To see the changes in f due to
dislocation pinning more clearly, the
temperature derivatives of f
(d(f/fo)/dT, where fo is f observed at
5K before irradiation) are shown in
Fig.2. The peaks in the d(f/fo)/dT
curves suggest that intensive disloca-
tion pinnings take place at around 20,
30-38 and 45 K. All the pinnings show
no shift to lower temperatures with
increasing CFP, suggesting that SIA's
responsible for them should be re-
leased from some traps at the pinning

temperatures. These behaviors of the
dislocation pinnings are similar to
those observed after 20MeV proton
irradiation (see Fig.3). The defect
complexes are therefore presumably
formed below 20 K and serve as traps
of SIA's. In other words, because of
the strong interaction between
SIA's and irradiation-induced defects,
almost all the SIA's are possibly
trapped by irradiation-induced defects
during migration below 20 K. The
further information on SIA's can be
expected from the relaxation peak due
to SIA's which is now in progress.

REFERENCES
1. H.Tanimoto, H.Mizubayashi, N.Tera-
mae and S.Okuda, J. Alloys and Com-
pounds, 211/212(1994)54.136.
2. H.Tanimoto, H.Mizubayashi and
S.Okuda, Proc. 1st Int. Conf. of Ultra
High Purity Base Metals, Kitakyushu-
City (Japan), May 24-27, 1994, p.359.
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Fig.l (a) The change in the resonant frequency (f) observed during
warm-up after 2MeV electron irradiation at 5K (dots) and subse-
quent cool-down (dashed lines). The irradiation was repeated with
increasing dose (Frenkel-defeet concentration (CFP) for 1st
irrad.:3x10"5, 2nd:2.5x10-4, 3rd:8.3x10-3, 4th:0.086 and 5th:
0.78ppm). (b) Similar to (a) but those in the internal friction
(Q"1).
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Fig.2 Temperature derivatives of
f (d ( f / fo ) /dT, where fo is f
observed at 5K before irradia-
tion) observed during warm-up
after 2MeV electron irradiation
at 5K (dots in Fig.l(a)). The
dashed line "pre." shows the
d(f/fo)/dT for f observed before
irradiation.
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Fig.3 Similar to Fig.2 but
observed during warm-up after
20MeV proton irradiation at 5K
(CFP for 1st irrad.: 1.9xlO"4,
2nd: 8.6xlO"4, 3rd:6xlO-3, 4th:
0.035 and 5th: 0.23ppm).
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5 . 4 Experimental Study on Proton and Helium Ion
Irradiation Damage of C/C Composite

Shin-ichi BAB A, Masahiro ISHIHARA and Motokuni ETO
Department of High Temperature Engineering
Energy Materials Development Laboratory, JAERI

Introduction

The carbon carbon (C/C)
composite material is considered to
be used for the Plasma Facing
Component (PFC), such as the first
wall, divertor etc., in the fusion
experimental reactor ITER
(International Thermonuclear
Experimental Reactor) and JT-60U
(JAERI, Tokamak-60 Upgrade),
since the C/C composite is an
excellent material with high thermal
conductivity as well as thermal shock
resistivity. To clarify irradiation
damage induced by the D-T reaction
(D+T —> * H e ( 3 . 5 2 M e V )
+n(14.06MeV)) is one of the major
research subjects for the C/C
composite to be applied to the PFC.
A high energy simulation
experiment by an irradiation of
protons and helium ions was,
therefore, carried out using AVF
cyclotron facility.

Experiment

Irradiation specimens were
machined from a one-dimensional
C/C composite blocks, MFC-1
manufactured by Mitsubishi
Chemical Industries Co., Ltd. Disk
type specimens with 8 mm in
diameter and 1 mm in thickness
were irradiated by 10 MeV protons
and 50 MeV Helium ions in a
vacuum of about 10"6 Pa at room
temperature in AVF cyclotron.

After irradiation dynamic hardness
and laser Raman spectrum were
measured.

The irradiation damage was
estimated by the EDEP-l(ext)
codeO); irradiation damage by 10
MeV protons and 50 MeV helium
ions were 3X10"3dpa and 7X10"2dpa,
respectively, and the maximum
range for protons and Helium ions
were 652u.m and 1030jim ,
respectively at a density of 1.95
g/cm3.

Results

Fig.l shows dynamic hardness
profiles after 50 MeV helium ion
irradiation. From this figure, we
can see the peak of the dynamic
hardness was observed around the
maximum range estimated by
EDEP-1 code; the peak of the
dynamic hardness for 10 MeV
proton was also observed around the
estimated maximum range.
However, the measured dynamic
hardness has a broad peak than the
estimated one. In the calculation the
EDEP-1 code treats a homogeneous
material, while the C/C composite
consists of matrix region, fiber
region and voids; this might cause
the broad dynamic hardness peak in
the experiment.

The laser Raman spectra for
irradiated and unirradiated
specimens are shown in Fig. 2. The
peak of the first-order of Raman
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spectra is observed at two bands;
1580 cm-1 and 1360 cm-1 which have
been assigned to E2g and Aig modes,
r e s p e c t i v e l y ^ ) . In a perfect
crystalline graphite, the Aig band is
not observed; this band becomes
apparent only when the amorphous

content of the sample increases. We
can find that the ratio, Aig/E2g, of
irradiated specimen is about 30 %
higher than that of unirradiated one;
the amorphous content of the
specimen would become higher by
the helium ion irradiation.

Distribution of Dynamic Hardness

calculated range : 1030 Jim

Calculated by EDEP-Kext)

Measured Line
NumberDepth(um) from Surface of

Carbon/Carbon Composite(MFC-l) for- "
Irradiated by means of

Cyclotron(TIARA) 50MeV Helium Ion

Fig.l Dynamic hardness profiles of C/C composite material for helium ion irradiated at 50 MeV

SOMeV Helium ion
Irradiated Area

Fig.2 Comparison of intensity ratio(Id/Ig) of Raman shift for an unirradiated area
and helium ion irradiated area

Reference
(1) T.Aruga, K.Nakata and
S.Takamura, Nucl.Instr. and Meth.
B33(1988)748.

(2) F.Tuinstra and J.L.Koenig.J
Chem Phys.53(3)l 126-1130(1970).
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5 . 5 Depth Profile of Damage Structures in Triple-Beam
Irradiated Auslenitic Stainless Steel

Shozo HAMADA, Yichuan ZHANG*, Yukio MIWA and
Daiju YAMAKI

Department of Materials Science and Engineering, JAERI and
* Southwestern Institute of Physics, P.R. China

1. Introduction

Austcnitic stainless steels as structural materials
for a proposed fusion reactor as ITER (Internatinal
Thermonuclear Experiment Reactor) have currently
been evaluated. The studies of the irradiation damage
in materials exposed under fusion-environment
radiation is an important aspect of this evaluation. It
is difficult to evaluate irradiation damage that will
occur in a fusion environment as no prototype
reactors currently exist. Therefore, in order to simulate
a fusion environment and study microstructural
changes under it, "triple-beam " ion irradiation
facilines have been developed [1,2] and irradiation
experiments have been carried [3,4].

In ion-beam irradiations,, the damaged region does
not uniformly distribute in the material, but usually
concentrates at some depth from the incident surface.
The defect structures vary significantly with distance
from the incident surface. In order to carry out
detailed analyses of the defect structures of the
damaged region, back-thinning technique is utilized
for preparation of TEM specimens. Controlled
sectioning of the damaged region is necessary prior to
back-thinning. The sectioning depth is often
theoretically determined using calculation codes. This
may lead to wrong results in case of ion-irradiation at
elevated temperature.

The objective of this study is to show

experimentally the depth distribution of the defect
structures of an austenitic stainless steel irradiated
with triple-beam at elevated temperature to carry out
back-thinning for precise observation of it.

2. Experimental
The material used in this study is a titanium-

modified austenitic stainless steel (JPCA). The main
chemical composition is Fc-16Ni-14Cr-0.25Ti-2.5Mo
\vt%. Disks of 3 mm in diameter with 0.25 mm in

thickness of this material were solution-annealed for 1
hour at 1323K. The irradiation was carried out
without a degrader using the triple beam irradiation
facility in TIARA cf JAERI. Samples were
simultaneously irradiated with 12 MeV nickel and 1
MeV helium and 350 keV proton ions at the
temperature range of 573 - 673 K. The energies of
helium and proton ions were selected so as to be
injected at same depth. The damage level and injected
concentration of helium and hydrogen ions at the
depth of about 1.62 fim are 57 dpa, 19000 and 18000
appm, respectively

Following to irradiation, the specimen was
prepared so as to carry out a cross sectional view
normal to the incident surface with a TEM. Nickel
was electroplated on both sides of an irradiated sample
to a thickness greater than 3 mm. The electroplated
sample was sliced into 0.2 mm thick sheet using a
low speed diamond saw, and cut into 3 mm disc. One
side of the nickel-plated disc was mechanically
polished and chemical-etched by an aqua-rigia saturated
with CuCl [5]. Observation of the chemical-etched
surface was carried out through an optical microscope.
Then it was electropolished to perforation. Detail of
the specimen preparation is described to elsewhere[6].
The microstructures in a cross-sectionaled sample
were observed with a 2000-FX TEM operated at 200
kV.

The theoretical depth profiles of damage produced
by nickel ions and the concentration of stopped ions
of both helium and proton were calculated using the
TRIM computer code 85 [7].

3. Results and discussion
An optical micrograph of the chemical-etched,

cross sectional surface of JPCA simultaneously
irradiated with triple beam at 573-673 K is shown in
fig. 1. The incident ions traveled from right to left in
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incident kgJfo&ft
surface ! " ,.„ ,'/

Fig. 1 Optical micrograph of two lines parallel to the
incident surface appeared after chemical etching in the
cross sectional view of triple-beam irradiated PCA.

Fig. 2. Two damage bands parallel to the incident
surface, which consist of dislocation structures with
high number density.

the micro-graph. Two lines parallel to the incident
surface appeared in the irradiated sample. The distance
of each line from the incident surface is about 1.34
and 2.3 Aim, respectively. In these values, the
former agrees to the projected ranges of both helium
and proton ions, the latter does to that of nickel ions.
The line parallel to the incident, surface that appears
by chemical-etching corresponds to the damage region
. It indicates that two lines observed may predict
existence of two damage regions in the depth
direction. A typical depth profile of damage
structures by TEM observation is shown in fig. 2. A
cross sectional view gives not uniform distribution of
microstructures, but two bands parallel to the incident
surface. These bands consist of dislocation structures
as loops and networks of high number density and
locate in the range of the depth of 0.4 to 1.3 £tm and
1.8 to 2.4 Aim from the incident surface. The
number density of dislocation in each band, which is
not measured yet, seems to increase as the depth
increases. It seems, that is, to become maximum at
the deeper edge (the right edge of each band in fig. 2).
The depth of deeper edge of

each band is about 1.3 and 2.4 Aim, respectively.
Each depth agrees to the distance from the incident
surface to each etched-line as shown in fig. 1. The
region between two bands looks like white image,
because of drastically lower number density of
dislocations than in two bands. This does not depend

on the diffraction condition, but substantially
indicates lower density of dislocations in this region.
Actually, two- beam condition of this region indicates
that the number density of dislocations in the region
between two bands is very low even though there are
dislocations. Observation, further, with high
magnification of this region shows that small cavities
of high number density uniformly distribute in the
matrix as given in fig. 3. Small cavities with high
number density are found in the depth range of 1.25 to
1.73 Mm from the incident surface and no cavities
elsewhere. The depth distribution of cavities observed
agrees to that of stopped helium and hydrogen atoms
by calculation. The average diameter and number
density of cavities are 1.37 nm and 1.5 x 1024m-3.
respectively-

Farrell et al. [3,4] have observed the
microstructures of high purity austenitic alloy
irradiated with triple beams (4 MeV Ni, 0.2 - 0.4
MeV (He and D)) at 898 K. They employed only
sectioning and back-thinning technique for TEM
specimen preparation and summarized from their
experimental results that in the region where three
beams of heavy, deuterium and helium were
simultaneously irradiated, dislocation structures and
small cavities of high number density. In the present
work, small cavities of high number density are
observed but the number density of dislocations is
much lower than that of other studies [3,4] as shown
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Fig. 3 Small cavities with high number density
observed in the region of white contrast between two
damage bands as shown in fig. 2.

in fig.2. The experimental difference among these
studies seems to consist in irradiation temperature :
One is 923 K, another is 573 - 673 K. This
temperature difference during irradiation may cause
different dislocation density. It is predicted that faster
migration of hydrogen atoms at 923 K and lower one
at temperatures below 673 K. The difference of
mobility of hydrogen may make different interaction
between hydrogen atoms and helium / interstitial
atoms, as a result produce lower density of dislocation
structures. In order to reveal this possibility, it is
necessary to show the temperature dependence of
irradiation damage structures under triple beams
irradiation in the future.

4. Conclusions
(1) The depth profile of irradiation damage staictures

shows good agreement to that obtained by
calculation.

(2) Simultaneous irradiation of nickel, helium and
hydrogen ions at the temperature of 573 - 673 K
makes the number density of dislocation
structures lower.

[3] Simultaneous irradiation of helium and hydrogen
ions enhances formation of small cavities.
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5 . 6 Microstructural evaluation of single crystalline A12O3

irradiated with triple ion beams

Yoshio KATANO, Tetsuya NAKAZAWA, Dayu YAMAKI,
Takeo ARUGA and Kenji NODA
Department of Martials Science and Engineering, JAERI

1. Introduction
Alumina with excellent electrical and

optical properties has been proposed for
one of electrical insulators and diagnostic
materials in fusion reactors[l]. In the
fusion reactor environment, ceramic in-
sulators will be subjected to severe radia-
tion damage arising from high displace-
ment damage and large amount of trans-
mutants such as H and He due to high
energy neutrons. The amount of H and He
introduced in A12O3 by nuclear transmuta-
tion reactions are estimated to be several
times as large as that in austenitic
stainless steels[2]. Several studies on the
effects of H and He on damage structural
development have been performed for.
A12O3[3,4]. However, the syncrgistic effects
of H and He on radiation damage be-
havior has not been fully understood yet.

In the present study, the damage
structure in A12O3 after triple (H+, He+ and
O2+-ions), dual (Hc+ and O+-ions) and
H+-ion irradiation is studied by cross-
section transmission electron microscope
(TEM) investigations to obtain funda-
mental knowledge on defect cluster
formation in fusion reactor conditions.

2. Experimental procedure
The specimens used in this study were

disks (0.2 or 0.5mm in thickness, 10mm
in diameter) of pure (nominal purity
;99.9%) single crystal alumina (a-Al2O3)

with surface perpendicular to (0001) plane.
Ion-irradiation was carried out in the

"triple-beam irradiation apparatus"
installed in TIARA at Takasaki estab-
lishment of JAERI[5], Specimens were
irradiated with triple beams(H+, He+ and
O2+ ions), dual beams(He+ and O+ ions)
and single H+-ion beam, respectively, at
650°C (0.4Tm) up to a fluence of 2 x
lO^ion/m2. Doses in displacement per
atom (dpa) are calculated by TRIM89
code[6] and evaluated as O.ldpa, 0.8dpa
and 3dpa at the damage peak for H+, He+

and O+ ions irradiations, respectively.

After irradiation, disks were cross-
sectioned and ion milled(6 keV Ar-ions)
at liquid N2 temperature to achivc TEM
specimes. TEM observation was performed
using the JEM-2000FX operating at
200kV.

3. Results and discussion
Cross-sectional electron micrographs of

damage structure are shown in Fig.l(a)
and l(b) for single crystal A12O3 irra-
diated with H+, He+ and O+ or O2+ ions at
650°C. In A12O3 irradiated with ions with
different projected ranges, in sequence of
0.3MeV H+, 0.6MeV He+ and 0.8MeV O+

ions (Fig.l(a)), defects cluster in damage
region due to H+ ions, He+ ions and O+

ions were observed around depths of 1.8,
1.3 and 0.8jim from the surface, respec-
tively. The damage structures were
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strongly affected by kind of irradiation.
Defects clusters of about 30nm in average
diameter were introduced with the number
density less than 1 x 1021/m3 by H+-ion
irradiation, and the size of the clusters
was larger than those by He+ and O+ ions.
The depths of observed damage structures
are larger by about 20% than those of
displacement damage calculated by
TRIM89, for respective ion species.

Fig. l(b) shows damage structure of
A12O3 irradiated with the triple-beams i.e.,
simultaneous irradiation of 0.25MeV H+,
0.6MeV He+ and 2.4MeV O2+ ions, where
average ranges of these ions are almost
same to be 1.5(xm. A very high density
(higher than 5 x 1022/m3) of disloca-
tion loops about 50nm in average diameter
were observed in the damage region.
These loops are formed on both basal
(0001) and prismatic {1010} planes, with
Burgers vectors of 1/3(0001) and 1/3
(1010), respectively. These characters of
dislocation loops were the same as those

y.

Fig.l. Depth-dependent microstructure of
A12O3 irradiated with (a) single beams and
(b) triple beams.

(b)

(c)

Fig.2. Cavities formation of A12O3 irra-
diated with (a) triple beams, (b) dual
beams and (c) H+ ions.

observed [4,7] in A12O3 samples irradiated
with He ions.

Figs.2 (a),(b) and (c) shows damage
structure of A12O3 irradiated with triple
beams (H+, He+ and O2+ ions) and dual
beams (He+ and O+ ions) and H+-ion
beam, respectively. Cavities with average
diameter of 13nm were observed in the
damaged region of A12O3 irradiated with
the triple beams up to 3dpa at peak. This
average diameter is 1.5 to 4 times larger
than those of cavities in the sample
irradiated with the H+ ions to O.ldpa and
the dual beams to 2.8dpa at peak. In
A12O3 irradiated with the dual beams,
cavities were aligned along c-axis. These
aligned cavity formation in A12O3 v/as also
observed in the sample irradiated with He+

ions above room temperature in the
previous study [8]. In the study the He
atoms were found to occupy only inter-
stitial sites along the c-axis. On the other
hand, in A12O3 irradiated with H+ ions,
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many cavities were formed inhomo-
geneously in the vicinity of dislocation
loops.

Cavity densities are shown as a
function of depth in A12O3 irradiated with
the triple beams, the dual beams and H+

ions in Fig.3 (a), (b) and (c), respec-
tively. The cavities due to irradiation with
the triple beams, the dual beams and the
H+ ions are distributed from 1.2 to
1.75|xm, 0.55 to 1.35um and 1.35 to 2.05
\im in depth, respectively. The extent of
cavity-introduced region of depths for the
triple-beam irradiation is smaller than that
for the dual-beam irradiation, and is
similar to that for HMon irradiation. The
inhomogeneous formation of the cavities
were observed for the triple-beam irr-
adiation and the H+-ion irradiation in
contrast with the aligned distribution of
cavities for the dual-beam irradiation.
These suggest that implanted H atoms
play an important role in evolution of
cavities for the triple-beam irradiation.

Authors wish to thank Mrs. S.
Hamada and Y. Miwa and the staffs in
the accelerator facility of JAERI for their
invaluable help to the irradiation ex-
periments.
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5 . 7 Microstructural Studies of Ion-Irradiated Ceramic Materials

H. Saka, K. Kuroda, N. Noda*, Y. Katano* and T. Nakazawa*
School of Engineering, Nagoya University and
*Tokai Establishment, JAERI

Introduction
Many kinds of ceramic materials are

considered to be used in fusion reactors.
Improvement in the resistance to irradiation
degradation of ceramic materials is desired
for development of fusion reactors.
Characteristic feature of the irradiation
damage under the irradiation conditions in
fusion reactor is to accompany generation of
helium gas due to nuclear reactions between
component atoms and fusion neutrons. The
helium gas has a large influence on the
dimensional instability characteristics such as
swelling through the formation of bubbles as
well as displacement damage due to energetic
neutrons. Therefore investigations of the
effects of displacement per atom (dpa) and
generated gas on the irradiation damage are
required to evaluate the irradiation resistance
performance of the ceramic materials under
fusion reactor conditions. In this study, the
damage structure of A!N irradiated with
oxygen ions, helium ions and protons were
investigated to get fundamental information
for the improvement in the resistance to
irradiarion degradation.

Experimental
The specimens used were sintered

A1N. The specimens were irradiated at
873K with triple ion beams. The irradiation
of oxygen ions with an energy of 2.4MeV,
helium ions with 0.45MeV and protons with
0.25MeV was simultaneously undertaken.
The fluence of each ion was about 2 x 10 2 °
ions/m 2 .

The irradiated specimens were
sectioned perpendicularly to the surface with
a diamond saw and polished mechanically
down to the thickness of about 0.05mm.
The slice mounted on a single hole grid was

further thinned by a focused ion beam (FIB)
system as shown in Figure 1. Two trenches
were milled away in such a way that a thin
wall is left behind between the two trenches,
the wall being thin enough to be
electron-transparent when tilted by 90
degrees.

The specimens thus prepared were
examined in either a JEOL JEM-200CX or a
Hitachi H-800 electron microscopes at
accelerating voltage of 200kV.

Results and discussion
It takes only 5 -6 hours to fabricate

the cross-sectional TEM specimens from the
0.05 mm thick slice of A1N. The recess with
an area 5x5 micronmeter squares was
fabricated to electron transparency. This
area is wide enough for the whole depth of
the irradiated region to be observed. The
FIB fabrication is thought to be a useful
technique to prepare the cross-sectional
TEM specimen of irradiated ceramics.

Figure 2 shows a typical example of
near surface microstructures of the irradiated
specimens. A band of strain contrasts is
observed in the region of about 2
micronmeter away from the surface. The
shape of the damage region reflects the
surface morphology. The dpa depth profiles
calculated using the EDEP-1 code indicated
the depths of the maximum dpa were about
1.5 micronmeter for the three irradiated ions.
This is in fairly good agreement with the
damage distribution observed in Fig.l. A
higher magnification micrograph of the
damaged region is shown in Figure 3. High
density of defects is clearly observed. These
defects must be induced by the triple ion
beam irradiation rather than the Ga ion
irradiation during the FIB fabrication.
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FIB ETCHING

TEM
OBSERVATION

Figure 1 Schematic diagram of cross- sectional TEM specimen
fabricated by FIB technique.

Figure 2 Cross-sectional TEM micrograph of AIN irradiated with oxygen ions,
helium ions and protons.

Figure 3 Dark field micrograph of region A marked in Figure 2.
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5 . 8 Cascade Damage Formation by High Energy Self-ion Irradiation

Naoto Sekimuraf, Jun Saeki'1, Naoki Ohtakei, Yasuyuki Shiraoi,
Seiji Okadai, Yurugi KanzakM, Shiori Ishino2 and Ryuichi Tanakas
1 Department of Quantum Engineering and Systems Science,

University of Tokyo
2 Department of Nuclear Engineering, Tokai University
3 Takasaki Establishment, Japan Atomic Energy Research Institute

1. Introduction
Primary knock-on atom (PKA) energy

spectrum extends up to several hundreds of keV
in fusion reactor materials irradiated with 14
MeV neutrons. When we are going to evaluate
irradiation behavior in fusion materials using an
expected d-Li type intense neutrons source,
fundamental knowledge on effects of high
energy PKA on formation of cascade damage
and microstructural evolution is required. In
this study, 21 MeV and 170 MeV self-ions were
irradiated to thin foils of gold to estimate effects
of very high energy PKA on formation of defect
clusters by cascade damage and their interactions
comparing the obtained data with those from
fusion and fission neutron and lower energy ion
irradiations.

2. Experimental
Thin foils of 99.99% pure gold were

prepared by electro-polishing after annealing in a
high vacuum (10-7 torr) for one hour at 973K.
These specimens were irradiated with 21 MeV or
170 MeV self-ions at room temperature using
tandem Accelerators in JAERI. Ion fluence is
ranging from 5x10*3 to 1x1015 ions/m2. In the
case of irradiation with 170 MeV self-ions of
which range exist at 6.3 mm from the ion
incident surface, plates of gold, 1.1, 3.0, 4.3,

6.3 and 7.2 (im in thickness, were placed in
front of the specimens to change PKA energy
spectrum within the specimens of about 50 nm
in thickness.

Irradiation experiments using a 400 keV
accelerator in the University of Tokyo were also
performed to compare the cascade damage

structure produced by the single energy cascade
damage.

Post-irradiation observation was
performed for all the specimens using a JEM-
2000FX transmission electron microscope
operated at 200kV.

3. Results and Discussion
Figures 1 and 2 show dose dependence of

defect cluster density in thin foils of gold
irradiated with 21 MeV self-ions and with 170
MeV self-ions, respectively.

10 10
15

Ion Fluence (ions/m2)

Figure 1. Dose dependence of vacancy cluster
density in thin foil of gold irradiated with 21
MeV self-ions.
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At higher dose, defect clusters show
super-linear dose dependence. Similar dose
dependence of density of defect clusters was
observed in 14 MeV [1] and fission neutron
irradiated specimens [2]. These are considered
to come from the conversion of invisible clusters
to visible clusters by cascade interactions.
Especially when the thickness of the gold plate is
6.3 urn which corresponds to the damage peak o
depth of the 170 MeV gold ions in gold, the ><
super-linear dose dependence starts at lower ^
dose because of the higher energy part of PKA. ~

,23

CO

CD
Q 10

10 10
15

Ion Fluence (ions/m^)

Figure 2. Dose dependence of vacancy cluster
density in thin foil of gold irradiated with 170
MeV self-ions with 3 different plates of gold in
front of the specimens.

The minimum interaction distance of
cascade is found to be strongly dependent on the
PKA spectrums [3]. By comparing dose
dependence of defect clusters in gold irradiated
with 21 MeV self-ions, fission neutrons and 14
MeV neurons, the minimum PKA energy to
cause the conversion of invisible defect clusters
to visible clusters has been estimated to be 165
keV, assuming that cascade zone size increases
with damage energy form a PKA.

co

E

c
CD

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Defect Cluster Size ( nm)
Figure 3. Size distributions of vacancy clusters
in thin foils of gold irradiated with 21 MeV self-
ions at room temperature.

Figure 3 shows size distributions of defect
clusters in thin foils of gold irradiated with 21
MeV self-ions. At higher dose, smaller clusters
tend to be formed by the interactions of
cascades.

Figure 4 shows dose dependence of
average size of defect clusters in thin foils of
gold irradiated with 170 MeV self-ions. In the
case of 21 MeV self-ion irradiation, average
cluster size tends to decrease at higher dose, as
were often observed in fission neutron
irradiation experiments [2]. However, average
cluster size does not decrease in 170 MeV self-
ion irradiated specimens, average size of defect
clusters tends to increase with irradiation dose.
In this case, the fraction of high energy PKA in
thin foils of gold is large. High energy PKA
can form new larger defect clusters by
combining multiple invisible defect clusters.
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Ion Fluence (ions/m2)

Figure 4. Dose dependence of average size of
vacancy clusters in thin foil of gold irradiated
with 170 MeV self-ions with 3 different plates of
gold in front of the specimens.
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5 . 9 Surface Nitridation by Ion Beam Irradiation
and Plasma Processing
Masanobu Nunogaki, Toichi Okada,
Hidefumi Takeshital, Yasushi Aokil, Shunya
Yamamotol, Hiroshi Naramotô
ISIR, Osaka University
iTakasaki Establishment, JAERI

1. Introduction

The multiplex surface processing
has been carried out for nitridation
of pure iron. The new process was
composed of a preceding
irradiation with an ion beam or a
relativistic electron beam and the
subsequent nitridation as the main
processing. An irradiation acted to
distribute impurities or defects in a
sample surface, and resultantly
decreassed the activation energy
for nitridation. Especially, in the
case of ion implantation, die phases
of nitrogen compound or iron
and its thickness varied sensitively
depending on the kind of ion
species and a beam fluence.

2. Experimental results

By applying a sequence of new
process for nitridation of pure
iron, hardness and thickness
of nitrogen compound layer were
controllably improved. The
variations of hardness vs. the
thickness of nitrided layer were
drawn in Fig.l. Each plot of
hardness represented the ratio of
the modified hardness to one of
raw iron. As shown in the figure,
ha rdnes s and thickkness
varied sensitively depending
upon ion species and ion fluence .
The curves (a) and (a1) show the
typ ica l hardness changes
against the depth of compound
layer measured from the surface
nitrided for 1 and 2 hours,

respectively, without any
irradiation. The curves (b) and
(c) show the hardness chauges of
the samples nitrided for 1 hour
each after 2 5 keV-Ni-ion
irradiation up to a fluence of 1 x
1016 and 7 x 1016 ions/cm2,
respectively.

The curve (d) shows another
example of increasing thickness
and hardness of nitrided layer
irradiated with MeV-order electron
beam. The thickness reached
60 At m only for 2 hrs nitridation.
The peculiarity was of the
hardness, that is, the maximum
hardness at the depth of about
15/xm was about 7 times larger
than one of raw iron and about 1.5
times larger than one of the layer
nitrided with the Ni-ion
irradiation.

By analyzing the components of
the sample nitrided with and
without the electron beam
irradiation with XPS , the
abundance ratio of nitrogen
contained in the nitrogen
compound layer formed after the
electron beam irradiation was made
clear to be rather decreased,

however, the depth of nitrogen
distribution was broadened.

To distinguish the role of Ni-ion
beam irradiation, N2 - and Ar-ion
were pre-irradiated . The results
were shown in the curves ( e )
and ( f ) , respectively.

Facilities and Instruments
Tandem Accelerator
(Takasaki Estab.)

Research Field
Surface Modification
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The effects of N2 - ion
irradiation on increasing hardness
and thickness were detected at a

higher ion fluence over 5x10 ^
ions/cm * The maximum hardness
was almost at the same level with Ni
-ion irradiation, however, the
thickness of Fe 4 N, 7'-phase
layer was rather thin. It was not
explained reasonably yet.

The curve (f) indicated that Ar-
ion irradiation was almost
ineffective on increasing hardness
and thickness of modified layer .

From the phase diagram of Fe-N
two elements and the abundance
ratio of components in the nitrided
layer , it was concluded that s -
phase layer was formed merely at
the outermost surface. The
decrease of the relative hardness at
the surface as seen in
the curves ( a'), ( c ) and ( e )
indicated the formation of
F e 2 - 3 N > £ " Phase
layer at the outermost surface.
These variations instructed that the
ion species and fluence were able
to control the thickness of s
phase layer, whose hardness was
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less than one of y' - phase
layer. The mechanism of
these thickness and phase changes
was not u n d e r s t a n d yet
experimentally. It is noteworthy
from the industrial point of view
that the selective formation of
thick r-layer at the surface of
iron is useful to increase the wear-
resistance of tools and to perform
the accurate surface processing of
machinery.

From these results, it was
summarized that the Ni-ion
irradiation had a role to decrease
the activation energy for the
absorption , and that the electron
beam irradiation mainly acted to
assist the diffusion of nitrogen
atoms in the surface layer due to
creation of the irradiation-
induced defects.

3. Conclusion

The multiplex surface processing
composed with the preparative
irradiation of 25keV-Ni-ion beam
or 20MeV-electron beam as the
first process and the subsequent
nitridation as the main one was
useful to form the nitrogen
compound layer in the surface of
pure iron. Further investigation
will be continued to analyze the
mechanism of enhanced-nitrogen
absorption by the irradiation.

Fig. 1 Typical characteristic curves
obtained by applying the multiplex
surface processing for nitridation
of pure iron.. Irradiation of
20MeV-electron beam or 25keV-Ni-
ion beam was eminently effective
on increasing the thickness of
nitrogen compound layer formed
with the subsequent nitridation
treatment.
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5 . 1 0 Defect Formation in LiF Irradiated with 175 MeV 40Ar ions.

Yasushi Aoki, Shunya Yamamoto, Hidefumi Takcshita, Hiroshi Naramoto,
f Akihiko Osa, fNoriko Shigeta, tMituo Koizumi, tHiromiisu Matsuoka,
and fToshiaki Sekine
JAERI-Takasaki, Department of Materials Development and Department of
Radioisotopes

Ion irradiation introduces various
kinds of defects in materials and in many
cases the physical properties, such as
electrical and optical properties, of
irradiated materials are derived from the
natures of the defects. Thus, in order to
control the physical properties by means of
ion irradiation, precise and detailed
investigation is necessary about the kind of
ion-induced defects and the efficiency of its
formation. On the other hand, if physical
property can be measured along the depth in
irradiated material, for example observation
of the optical absorption due to the defects,
the energy loss process of high energy ions
in material, mainly based on the electronic
stopping, will appear from the view point of
defect formation. Furthermore, the
overlapping effect of ion tracks can be
estimated from the delicate analysis of the
change of absorption with the irradiation
dose in such observation.

Ion irradiated alkali halides have
been investigated in terms of the depth
profiles of defects by microscope-
photometric methods, micro hardness etc.,
for example LiFO-3), KCK4) and NaF(5).
The depth profiles of the simple anionic
color centers have been found to give a good
correspondence to the electronic energy loss
profiles for LiFO'3). We measured the
optical absorption spectra for LiF single
crystals irradiated with 175 MeV 40Ar8+,
and showed the formation of anionic defects
(F-center) and its aggregation states (F2-
center, F3-center)(6X In this paper, we will
show the dose dependence of the absorption
spectra and the annealing behavior.

Single crystal LiF block (Harshaw
Chemical Company) was prehardened by
irradiation of y-ray and cut into platelets

whose size were about 7 mm x 7 mm x 1
mm. Thermal annealing was done at 600°C
in air for 400 hr's in order to eliminate the
preexisting defects before ion irradiation.
Ion irradiation with 175 MeV 40Ar8+

 w a s

performed at the port LA-1 of AVF
cyclotron (TIARA, JAERI-Takasaki) The
samples are fixed on Al plates and covered
the half with Al foil to get unirradiated part
on the samples. The Al plates with samples
were set on the water-cooled target
chambers and samples were irradiated under
vacuum around 1 x 10"5 Pa. The current
and the cross-sectional area of the ion beam
were 2 nA and 1 cm2, respectively. After
irradiation, samples were reserved in a dark,
cool and low-humid place for more than 2
weeks to wait for decrease in radioactivity.

Optical absorption of irradiated
samples were made with a microscope
photometer (MPM800, Zeiss) at room
temperature. In the observation of
annealing behavior, samples were annealed
repeatedly changing the annealing
temperature from 120°C to 400°C. The
annealing period at the constant temperature
was set 30 minutes.

Fig. 1 shows the optical absorption
spectra of Ar irradiated LiF single crystals in
the wavelength region of 230 to 800 nm for
the irradiation dose of 1.3 x 1011 to 1.3 x
1012 ions/cm2. As the irradiation dose
increases, the absorption peaks around
250nm (F-center) and 444nm ^-center)
grow and I^-centers (Rj, R2 and Rn)
absorption appear at the largest dose (1.3 x
1012 ions/cm2). They are observed at the
wavelengths of 312, 375 and 551 nm,
respectively. In addition, at 407 nm a weak
absorption can be observed as a shoulder of
the F2-center absorption. It may be
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absorption by Li-colloid in the irradiated
LiF. It should be noted that 250 nm
absorption is shifted with increase in the
intensity. It now cannot be interpreted
whether it shows the change in the
electronic structure of F-center occurs or the
existance of more than one kinds of species
absorbing light around 250 nm

o
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2.7 x lo" iuno'cm2

1.3 x Id" ium'cm2

400 600
wavelength, nm

Fig. 1 The absorption spectra of LiF single crystals
irradiated with 175 MeV 40Ar ions.

Fig. 2 shows the depth resolved ab-
sorption spectra measured for Ar irradiated
sample with the largest dose (1.3 x 1012

ions/cm2). The estimated projected range
of 175 MeV 40Ar in LiF is about 36 urn and
the depth resolution of the measurement
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Fig. 2 The depth resolved absorption spectra of 175
MeV 40Ar irradiated LiF single crystal. The
irradiation dose is 1.3 x 1012 ions/cm2.

was 4 jam. During the ion range, intense
absorption is shown by F-center, F2-center,
F3-center and Li colloid. It means the

efficient defect production by electronic
energy deposition of Ar ions. It seems the
existence of another absorption around 480

nm, but now cannot be identified. Again,
the higher energy peak lies around 270 nm
within the ion range and the peak lies
around 250 nm around the ion range. The
defect formation efficiency is not so high
around the ion range, compared with the
shallower region and even at the depth (45(a
m) beyond the ion range, still the anionic
vacancy are formed. It probably shows the
contribution of secondary radiation to the
defect formation.

Fig. 3 shows the annealing behavior
of optical absorption for the Ar irradiated
LiF single crystal to the dose of 1.3 x 1012

u
c
a

x>
O 1

400 600
wavelength, nm

800

Fig. 3 The change of absorption spectrum of 175
MeV 40Ar irradiated LiF single crystal by thermal
annealing treatmet in air. The irradiation dose is 1.3 x
1012 ions/cm2.

ions/cm2. The absorption observed at
shorter wavelength region (250-260nm)
decreases with blue shift, showing a
reversible process between defect formation
and thermal annealing. The absorption
features at longer wavelengths by the
aggregation states of anionic vacancies (F2

and F3) also decreases with the annealing
temperature. In the course of the annealing,
a clear peak around 410 nm appears by
200°C annealing and disappears after 300°C
annealing. After 300°C annealing, the
main features are observed around 250 nm
and 440 nm. But after 400°C annealing
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there is no appreciable absorption in the
measured spectrum.

The processes of defect formation
and thermal annealing are not always
reversible. In order to understand the
energy loss process of high energy heavy ion
in materials by means of observation of the
depth profile of created defects in LiF, it is
necessary to clarify the response to radiation
in more detail.
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5 . 1 1 Ti ion implantation into TiO2 rutile single crystals

Yasushi Aoki, Hidefumi Takeshita, Shunya Yamamoto, Peter
Goppelt and Hiroshi Naramoto.
JAERI-Takasaki Department of Materials Development

Ion implantation is a method
which can introduce any impurity
element into any matrix to modify the
physical and chemical properties of the
surfaces. In this technique, the intro-
duction of impurities is substantially in
non-equilibrium manner and bring about
formation of defects and non-equilib-
rium states in the near surface region of
materials. Although any combination of
impurity and material can be selected
and the depth of the modified layer can
be controlled, defect formation and its
annealing behaviors are important for
the resultant microstructures and
properties.

Here we implanted TiC>2 rutile
single crystal with Ti ions. TiC>2 has a 3
eV band gap and transparent in the
visible region. Titanium oxides show
semiconducting characteristics and TiO2

has been used a catalyst to decompose
H2O, oil, CO2 gas etc. In general,
transition metals can take some kinds of
charge states in their oxides and each
oxide has individual properties. In the
case of titanium, only titanium dioxides
is regarded as an insulator. Other
oxides with precise stoichiometry and
non-stoichiometric oxides show semi-
conducting and metallic properties.
Parker and KellyO found and
demonstrated that TiC>2 rutile single and
poly crystals can be transformed to
T12O3 polycrystals through sputtering
process with 30 keV Kr ions.
Nakamura et al.(2) implanted p-type
dopant In into TiC>2 an(* the recovery of
the implantation defects of TiO2 crystals
and substitutionality of the impurity
were investigated along the isochronal
annealing, using RBS/ channeling
method. They suggested two kinds of
recovery processes and escape of the

impurity from the surface at a
sufficiently high temperature. In the
present report, we focus on the defect
formation and its recovery process in the
case of self ion (Ti) implantation into
TiO2 single crystals by means of
RBS/channeling method.

Single crystal rutile TiO2 (001)
(Nakazumi crystal laboratory) was used
in this study. The surfaces were
polished with mirror like finish and
annealed in air for 4 hours at the
temperature of 600°C. Ion implantation
was done with 200 keV Ti ions, using
400 kV ion implantor of TIARA in
JAERI-Takasaki. The implantation
doses were 1.2 x 1016 ions/cm2 for 130K
implantation and 7.7 x 1015 ions/cm2 for
room temperature implantation. After
implantation, the samples were annealed
in air and under vacuum ( l x l 0~6 Torr)
isochronally from 300°C to 1000°C with
the annealing time of 1 hour at each
step. At each annealing step the
disorder of the crystal samples was
analyzed by RBS/ channeling method
with 2 MeV He+ ion from 3 MV single-
ended accelerator of TIARA in JAERI-
Takasaki. The incidence of the
analyzing beam was set to the normal to
the (001) surface under channeling
condition and the scattered ions was
detected at 165° with respect to the
incident direction.

Fig. I shows the RBS channeling
spectra measured for Ti 130K-implanted
TiO2(001) at several annealing steps.
At first, amorphized surface layer was
observed in the as-implanted TiC>2
crystal and thermal annealing process
made the damaged layer recovered
gradually with temperature increase.
The recovery process can be divided into
two processes as those found by
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Nakamura et al.(2) and by Khubeis and
Meyer(3), for In implantation and Hf
implantation, respectively. Fig. 2 shows
the changes in thickness of damaged
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Fig. 1 The random and aligned <001> RBS spectra of
200 kcV Ti implanted TiO2 single crystal. The
temperature and the dose of the implantation arc 130 K
and 1.2 x 10'^ ions/cm^, respectively.

layers and in area under the depth profile
of damage obtained by RBS analysis in
channeling condition. Those are plotted
as a function of annealing temperature
for annealing in air and under vacuum.
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Fig. 2 The changes in residual disorder and thickness
ofdamaged layer of Ti implanted TiC>2

The two samples annealed in air and
under vacuum show a similar behavior
up to 500°C, but there is the second step
around 600-800°C for vacuum anneal-
ing, and around 800-1000°C for in-air

annealing and finally both samples are
recovered completely. In the annealing
in air of TiO2 implanted 200 keV Ti
with the dose of 7.7 x 1015 ions/cm2 at
room temperature, the damage did not
reach to the amorphous level after
implantation and the damage recovered
completely by the annealing up to the
temperature of 500°C.

The damage formed in the low
temperature implantation has been found
to have two kinds of annealing steps.
The one is observed between 300 and
500°C. Lightly damaged layer formed
by room temperature implantation in this
study disappeared almost completely in
this temperature range. The implanta-
tion coloration probably due to Ti3+

interstitial4) also disappeared by this
annealing in air. On the other hand,
thermal coloration occurred on the
nnimplanted T1O2 ar^er annealing under
vacuum. Then in this stage of
annealing, atoms can move in the TiC>2
lattice and even through the surface and
it could be regarded as an usual
annealing behavior.

The second stage of annealing
was observed 800°C under vacuum and
1000°C in air. As seen in Fig. 2, in the
annealing in air, the apparent damage
was slightly increased and the thickness
was kept at the constant value. It could
be considered that new phase was
formed in this temperature range (500-
800°C). The faster recovery under
vacuum seems to suggest that the
phenomenon is possibly loss of material
from the surface rather than recovery to
rutile. It also supports the expectation
of new phase formation because 1000°C
is even lower than the melting point
(1840°C) of rutile under ambient
condition.

(1) T.H.l'urkcr and R.Kelly, J.l'hys. Chem. Solids,
360975)377-385.
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and Mctli., 1333(1988) 729-733.
(3) I.Khubcis and O.Meyer, Malcr. Chcm. and 1'hys.,
38(1994)284-288.
(4) M.Gucmiizi, lVliievenard and M.G. Blanchin, Radial,
lifl'., 49(1980) 61-64.
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5 . 1 2 Metastable Phase Formation by Ion Implantation (III)
- High Dose Implantation of Silver into Silicon-

Hidcfumi TAKESHITA, Yasushi AOKI, Syunya YAMAMOTO
and Hiroshi NARAMOTO

Takasaki Radiation Chemistry Research Establishment, JAERI

Ion implantation of noble metals such as
Au and Ag into Si crystals produces
supersaturated amorphous alloy1>2). In the
present work, we focused our effort on the
formation of mctastablc intermediate
compounds. For the Ag-Si system, the
occurrence of two mctastablc phases in
rapidly solidified alloys was reported on the
Ag-rich side of the phase diagram3'. One of
the problems in the preparation of those
compounds by ion implantation is whether it
is possible to achieve a sufficient
concentration of implanted species in a
substrate, because it is well known that there
is a limit to the maximum concentration of
implanted species. This is a result of
sputtering, where atoms near the surface can
receive sufficient energy to escape the solid.

Therefore, first of all we carried out
high-dose implantation experiments to check
a relation between irradiation dose and
retained amount of the implanted atoms.
Samples of silicon disk were irradiated with
400kcV Ag+ ion at room temperature in a
dynamic vacuum better than 10"5Pa. The
maximum beam energy which was availblc
for the 40()kV implantcr was chosen to
locate implanted atoms at a deeper position
in the substrate and to reduce the sputtering
yield. The beam current was about KliiA.

Fig.l shows a result of the Rutherford
backscattcring analysis for typical samples
heavily implanted with Ag. In this figure, a
depth scale was added to give a rough
estimation of the distribution of implanted
Ag atoms in the Si substrate. For the lowest
dose of 4.2x1016/cm2, the peak of the
distribution of implanted Ag atoms is
observed at a depth of around 1700A, which
is consistent with the calculated projected

range of 1800A for 400keV Ag ions
implanted into a Si substrate. Thus, in this
dose range sputtering does not have a
significant effect on the ion distribution in the
substrate. For higher doses of 1017 to
10I8/cm2, however, the effect of sputtering
becomes more remarkable. This situation is
clearly observed in Fig.l. With increasing
dose, the depth profiles of the implanted Ag
move to the substrate surface and the peak
concentrations seem to saturate at the level
of about 20-30at.%Ag.
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Fig.l Rutherford backscattcring energy spectra
from Ag atoms implanted into Si single crystal
with the energy of 400keV, taken with 2.0-MeV
4He ions.
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5 . 1 3 Development of High-Functional Fullerene
Thin Films by Ion Implantation

H.Koinuma, M.Yoshimoto, M.Sasaki;;, S.Ohashi, T.Asakawa, H.Koyama'v,
S.Gonda, T.Arakane, T.Shiraishi';, H.Takeshita2', S.Yamamoto2', Y.Aoki2),
P.Gopperlt-Langer^, H.Naramoto2)

Res. Lab. ofEng. Mater., Tokyo Inst. of Tech.
''FacultyofEng., Dept. ofCommun., Tokai Univ.
2)Dept. of Mater. Develop., JAERI/Takasaki

INTRODUCTION
Ion implantation into fullerene such

as C60 is expected not only to inject carriers
by the charge transfer between fullerene and
the implanted ions but also to form new
compounds by the encapsulation of
implanted ions in the fullerene sphere.
Another possibility is chemical reaction of
the implanted ions with fullerene to form
such molecules as those obtained by the
conventional addition reactions with
hydrogen and fluorine in liquid or vapor
phase1)>2). In this study, we have implanted
various ions into Ceo thin films and
investigated the physical and electrical
properties of implanted films.We also report
our preliminary study on the photoelectron
total yield spectroscopy (PYS) of fullerene
films. We have developed this method to
observe the electronic density of states in
various electrofunctional materials with a
resolution (<10meV) much higher than
that achieved by the conventional XPS and
UPS.

2.EXPER1MENTAL
C60 thin films were deposited on

various substrates at temperatures between
23°C and 120°C by vacuum evaporation
(5xlO6 Torr) of C60 powders (purity
>99.5%) from an alumina crucible heated
at 500°C. The substrates used were fused
silica glass, cleaved NaCl(lOO), and Si(l 11).
Intrinsic electrical conductivity of Ceo thin

films was measured in-situ in the
temperature range between 23 °C and 120°C.
From the temperature dependenceof
conductivity, the activation energy of
conductivity was also determined.Ion
implantation into the films was performed
with Ag, Mn and H ions at the energies
between 30 and lOOKeV. The ion dose
was varied from 1013 to 1016 ions/cm2.

Structure and optical properties of
the films were characterized by Xray
diffractometry (XRD), Raman scattering
spectroscopy, and UV-visible (UV-VS)
absorption spectroscopy. The film
component was analyzed by a laser
desorption time-of-flight mass spectrometer
(TOF-MS) and a secondary ion mass
spectrometer (SIMS) using Cs+ ion beam.

The mid-gap density of states of C6o
films was in situ studied by photoelectron
yield sectroscopy (PYS) using the system
we constructed based on our original design.

3.RESULTS AND DISCUSSION
Fig.l shows X-ray diffraction

patterns of an evaporated C6o film. The Ceo
film deposited on a fused silica glass was
amorphous, but highly oriented fec-
polycrystal C60 films were grown on cleaved
NaCl(lOO) and Si( l l l ) substrates. Fig.2
shows Raman scattering spectra of ion-
implanted films. C60 molecules were
apparently decomposed and changed into
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Fig.2 Raman scattering of the 100 KeV Ag
or Mn-implanted films and non-implanted
C60 film.

amorphous carbon by the Ag and Mn-
implantation

Fig.3 shows the temperature
dependences of in-situ conductivity for the
amorphous and polycrystalline C60 films
deposited on fused silica glass and cleaved
NaCl(100) substrates, respectively. The
amorphous C60 film had a conductivity of
10"4~10'5 S/cm at room temperature and a
conduction activation energy of 0.50 eV.
The polycrystalline film had a conductivity
two or three orders of magnitude higher
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Fig. 3 Temperature dependences of in-situ
conductivity for the amorphous and
polycrystalline Ceo films.
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Fig.4 The occupied DOS of the Ceo films
prepared under various conditions.

and an activation enegy 0.15eV much
smaller than those of the amorphous C6o
film, respectively3'. Fig 4 shows the
occupied DOS distributions deduced from
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PYS for the C^ films prepared under three
kinds of conditions. The crystallinity of C6o
films was increased in the following order
: Ceo/sapphire < Ceo/Nad (R.T.) < Ceo/NaCl
(150°C). It is noteworthy that the density
of gap states clearly increased with
improving of the film crystallinity. It
indicates that the conduction in C60 films is
dominated by the hopping mechanism.

Fig.5 shows TOF-MS spectra of
lO'Vcrn2 H-ion implanted film. The intensity
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Fig.5 TOF-MS spectra of the 1013 H-
implanted film , and the inset shows the
theoretically calculated Ceo isotope peak
ratio.

ratio of the peaks at 721m/z to 720m/z for
the implanted film was higher than the
theoretical intensity ratio for C60 films
caluculated from the natural abundance of
12C (98.89%) and 13C (1.11%) isotopes in
C6o as shown in the inset of Fig.4. The
peaks at 721, 730, 732 and 736m/z are
assignable to C6oH, C60H10, C60H12
andC6oHi6, respectively. The presence of
C60H molecule attracts our interest from the
view point of the possible production of
endohedral H@C6o molecule through the
implantation of H+ ion with a diameter
smaller than the inner size of a benzene

ring in the C60 molecule.

4.SUMMARY
Amorphous Ceo films had

conductivities three orders of magnitude
lower than those of fcc-polycrystalline C60
films. Ag-ion implantations increased the
conductivity of C60 films and
simultaneously induced the decomposition
of C60 molecules into amorphous carbon.
In the TOF-MS spectrum of the Ceo film
implanted with 1013 H-ions/cm2 at 30KeV,
we obsorved new peaks corresponding to
C60H, C60H10, C60H12, a n d C60H16,

suggesting the possibility of H-encapsulated
fullerene formation by the H+ implantation.
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5. 14 Radiation Damages in Synthesized Silica Glasses
by High Energy F e Ions Irradiation
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1. I ntroduction
Silica glasses have been used for

optical transmissive and reflective
materials, such as envelops of special
lamps, high temperature furnace materi-
als for semiconductors, cores and clad-
dings of glass fiber waveguides, and
gate, field, and passivation layers of
silicon based metal-oxide-semiconductor
devices. In these applications, the
resistance to ultraviolet lights, x-rays
7-rays, and particle radiations is re-
quired. In the light of the above back-
ground, F e + 2 ions with 5.5McV were ir-
radiated into synthetic silica glasses
of SK1300(typel) and SK1310 (typelV) in
attempt to bring about radiation damages
at near surfaces of these silica glass-
es, and the defects were studied by means
of optical absorption (OA) and photo-
luminescence (PL) measurements at room
temperature (RT) with iterative isochro-
nal annealing up to 650 °C.

2. Experimental
Commercially available synthetic sil-

ica glasses, SK1300 (type III, Oil content
:~200wppm) and SKJ310 (type TV. OH
contentrbelow fj wppm) were used as sam-
ples. These samples were irradiated
at RT with 5. 5MeV F e YZ ions to the
flucncc of 3 X 1 0 1 6 ions/cm2 using the
TIARA 3MV tandem accelerator in JAERI,
Takasaki. The beam of about 200nA was
scanned on the surfaces of the samples
to get horaogenious fluences. The ir-

radiation fluences were determined
by integration of the charge collected
on the irradiated samples. Temperature
of the sample was not monitored during
irradiation. But, from the experi-
mental results mentioned below, it is
suggested that the heating of the
samples by ion beam was not serious.

All optical measurements were made
at RT. The OA spectra in the visible
and ultraviolet region (6. 2—1.5eV)
were obtained with a Hitachi (J-3300
double beam spectroiiholometer. The
continuous wave PL and PL excitation
(PLE) spectra were obtained with a
Hitachi F-3010 fluorescence spectro-
photoineter. After one optical
measurement, the sample was subjected
to isothermal annealing procedure for
30 minutes in air, and further optical
measurement was made after annealing.
In the annealing procedures, the
temperature was changed from lOOT) to
650°C.

3. Results and Discussion
Before irradiation, any 0A peaks

were not observed in the wavelength
range of 6.2eV to 1.5eV for both types
of the samples. After irradiation,
a relatively strong 0A peak at 5. leV
was clearly observed on the tail of
stronger 0A whose peak lies above 6.2
eV, and a weak 0A shoulder was also
observed around 5. 8eV, which seems to
be due to the 7.6eV and the B'center
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respectively, lor each type of the
samples as shown in Fig. 1.

Figure 2 shows a typical continuous
wave PL spectrum of SK1300 silica excit-
ed by 5. leV light and the PLE spectra
monitored at 4.3eV and at 2.7eV.
A large PL peak at 4.3eV and a small
one at 2.7eV were clearly observed in the
PL spectrum, and the PLE maxima for 4.3
and 2.7eV PL were observed at the same
energy. I t indicates that the PL
bands of 4. 3eV and 2. 7eV are due to the
same defect center. I I is known that
the Bz a band in extrinsic oxygen
deficient silica glasses shows the weak
and strong OA bands around 5.leV and 7.6
eV, and also shows the strong and weak
PL bands around 4.3eV and 2.7eV Ll—83.
Therefore, the OA peak at 5. leV and the
PL peaks at 4. 3eV and 2.7eV obtained in
this study can be tentatively attributed
to the B z a band due to the oxygen
vacancy ( = Si-Si = ). Figure 3 shows
annealing curves of the OA peak at 5. leV
of SK1300 and SK1310. T h e OA peak de-
creased to the tail level of the OA band
above G. 2eV, that is, the OA band above
6.2eV was still observed even after anne-
aling to 600X1, indicating that the
origin of the 5. leV OA band is different
from that of the band observed above
6.2eV . This is consistent with the
result by Iroai et al.[2], if the band
above 6.2eV is the 7.6eV band. I I is
noticed that the 5.leV OA band induced
by ion irradiation decreases after
thermal treatment above 100 °C in air.
This behavior is in marked contrast to
no bleaching of the 5. leV OA band after
annealing to 650T) in air in oxygen
deficient silica glasses. T he oxygen
vacancy of the Bt a band is formed in
oxygen hypo-stoichiometric, that is,
oxygen deficient silica glasses, while
in this study, oxygen vacancies of the
extrinsic Bz a band induced by ion
irradiation are formed in stoichioinctric
silica glasses. In stoichiometric

silica glasses, it is easy for recoil-
ed oxygen to resume the original band
after annealing at relatively low
temperatures, while there are no extra
oxygens to make silicon-oxygen-silicon
bands in oxygen hypo-stoichiometric
silica glasses. Figure 4 shows the
annealing behavior of the PL peaks at
4.3eV for both types of the samples.
The PL peaks show a monotomous de-
crease up to the annealing at 350°C.
After further annealing to 650T),
the PL peak of SK1300 with higher OH
content showed a weak maximum around
480t while that of SK1310 with lower
OH content showed a constant value.
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Fig. 4 Annealing behaviors of PL peaks
at 4.3eV for SK1300 and SK1310.

Fig.2 Continuous wave PL spectra excited
by 5. leV light and the PLE spectra monitored
at 4. 3eV and at 2.7eV after irradiation
for SKI800.

Fig. 1 0A spectra of SK1300 and SK1310
silica glasses before and after 5.5MeV
Fe'7< ion irradiation.

Fig.3 Annealing behaviors of UA peak at
5. leV for SK1300 and SK1310.
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Introduction

Understanding of radiation
damage has become important not
only for the nuclear application but
for the materials development using
ion beams. Under such irradiation
environment, energetic particles, such
as ions and electrons, produce atomic
displacements in solids. Number and
spatial distribution of atomic displace-
ments are characterized by the energy
transferred to the primary knock-on
atoms (PKAs) and by the PKA energy
spectra. The crystalline-to-amorphous
phase transformation under irradia-
tion can describe the elementary
processes of radiation damage. In this
work, the displacement threshold
energy will be evaluated and the effect
of cascades will be revealed through
the analysis of irradiation-induced
amorphization in graphite.

Experimental Methods

Highly-oriented pyrolytic graphite
(Union Carbide) was cleaved along
basal planes to achieve thin films. The
thickness is estimated to be 200 nm,
which is smaller than the range of
ions. Irradiation was performed in
TEM - Accelerator Facility 1) at
TIARA. Electron irradiation was per-
formed with fluxes of 1-5 x 1023

e/m2s at temperatures from 300 to
600 K. The irradiated area was 0.6-1
pirn in diameter. Irradiation with He+,
C+, Ar+ and Ar2+ was done with
accelerating voltage from 200 to 300
kV with ion fluxes from 1017 to 1018

ions/m2s at temperatures from 300 to
840 K. The amorphization fluence is
defined as the fluence at which
diffraction spots completely disappear
and halo rings appear from the
selected area of 0.2 /̂ m in diameter on
the specimen.

Results and Discussion

Figure 1 shows a sequential
change of the electron diffraction
patterns under irradiation with 400
keV elections at room temperature.
The irradiated area gradually loses its
crystallinity in (a)-(b), and becomes
almost amorphous in (c).

The amorphization fluence ( 0 / )
was measured as a function of electron
energy. Hereafter, subscript e and /
denote electron and ion irradiation,
respectively. As shown in figure 2, the
value of 1/0/ becomes measurable at
the electron energy of 140 keV and
increases with increasing electron
energy. The amorphization fluence in
displacements per atom (dpa), Ne, is
described as
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Ne = a(Ee, Ed) <Pe
a(Ee), (1)

where a, Ee and Ed are the displace-
ment cross section, the incident energy
of electrons and the displacement
threshold energy, respectively. The
values of a are calculated theoretically
from the integration of the differential
cross section2) from Ed to the maxi-
mum PKA energy. The value of Ed is
evaluated as 27.1+1.1 eV from
equation (1) to minimize the standard
deviation of Ne. The value of Ne is
evaluated as 0.46±0.08 dpa. The value
of Ed corresponds well to the litera-
ture valued.

The amorphization fluence was
measured as a function of irradiation
temperature as shown in figure 3. The
value of N[ at room temperature is
about 0.2 dpa, which is much smaller
than Ne, and which is independent
form mass and energy of ions. The
amorphization fluence increases with
increasing irradiation temperature.
The apparent threshold temperature
for amorphization (T1^1) increases with
increasing mass of projectile. Further
insight is the increase of T/fl with
decreasing £,• especially in Ar-ion
irradiations.

Temperature higher than 400 K
corresponds to the temperature where
interlayer carbon molecules decom-
pose to interstitials permitting their
recombination with vacancies4). This
indicates the accumulation of point
defects is essential for the electron-
induced amorphization process. On
the contrary, one of the characteristics
of ion irradiation is the dense atomic
collisions along the path of the ions;
i.e., cascades, the nature of which is
characterized by the energy density 5).

Because graphite is a low-Z material
having large space between basal
planes, cascades in graphite are the
low density of atomic collisions wilhin
large cascade volumes, resulting in
low-energy-density cascades. The
energy densities of 300 keV He and
Ar cascades are roughly estimated as
10'4 and 10"2 eV/atom, respectively.
Such low-energy-density cascades
result in the formation of subcascades.
Unless the energy density varies over
two orders of magnitude, the identical
values of iV; at room temperature
indicates amorphous cluster formation
within subcascades. Heavier ions
produce more subcascades close
together, presumably resulting in
higher survival rate of amorphous
clusters at high temperatures.

Conclusions

The TEM-Accelerator Facility at
TIARA has been used to investigate
the irradiation-induced amorphization
in graphite. The displacement thresh-
old energy was evaluated. Through
the analysis of the fluence for
amorphization, the significant role of
cascades is revealed.
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Figure 1. A sequence of selected area electron diffraction patterns (SAEDs)
showing irradiation-induced amorphization in graphite irradiated with 400 keV
electrons with fluence of (a) 2.7 x 1026 e/m

2, (b) 4.4 x 1026 e /m2 and (c) 5.6 x
1026 e/m2.
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Figure 2. Electron energy depen-
dence of the amorphization fluence
(<Pea) in graphite at room tempera-
ture.

Figure 3. Temperature dependence
of the amorphization fluence (<pa)
in graphite irradiated with ions and
electrons.
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5. 16 Y B a 2 C u 3 O Films I r r adi at e d
"by" M n "*" I o n s

Y. Kazuinata, S. Yamamoto and H. Naramoto
Japan Atomic Energy Research Ins t i tu t e

Improvement of critical
current density is essential in
order to use high Tc superconductor.
Many experiments [1] have been
carried out to increase cri t ical
current density ever since high Tc
superconductors became available.
Effective improvement has been
achieved through control of the
flux creep by the lat t ice defects
for ordinary superconductors. A
similar method for improvement has
been also applied to high Tc
superconductors.
In the process for the improvement,
i t is necessary to understand the
interaction between vortices and
lattice defect. The interaction will
be simplified by a regular array of
lattice defects. The purpose of this
experiment is the study of the
interaction between vortices and a
regular array of lattice defects.

The preparation of a regular
array of lattice defects is tried by
the method as shown in Fig.l. A 1000
Cu-mesh, which is usually used by an
electron microscope experiment, was
put on the surface of a YBa2Cu30.iC
thin film. The mesh with the width
of 3 mm is a grid made of Cu thin
metal, composing of 15 #m holes
and of bars of a width of 15 /zm Cu
thin metal. When energetic ions were
bombarded from above the mesh, the
ions passing through the hole of the
mesh irradiate a YBa9CUo0T thin film
and change i t p a r t i a l l y to an
insulator. The rest part covered by
Cu-bars of the mesh will remain as a
superconductor. Ideally a regular

'array of la t t ice defects should be
expected by this method, but

actually the part covered by Cu-bars
were also evaporated. Therefore, a
superconducting ring with a 3mm
diameter and a width of 0.5mm brings
following r e su l t s in th i s
experiment. Ion irradiat ion were
carried out by 400 keV Mn+ and the
fluence was 1.3xl015 MnVcm2.

(a)
Ion Beam

Cu-mesh

f"! •"": '"'I f'"1 i"'

15/im

Fig.l
(a) Experimental arrangement to
obt.in a regular array of la t t ice
defects.
(b)Expansion of 1000 Cu-mesh.
Cu-bar. has a width of 15 fim. and
holes 15 fun square each.

Temperature dependence of
magnetization (M-T curve) in a 100
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gauss and 1 kilo gauss field prior
to and after irradiation are shown
in Fig.2 and 3, respectively. In
these figures, zero field cooling
(ZFC) and field cooling (FC)
magnetizations are shown. FC
magnetizations are nearly
temperature independent below Tc and
are shown as horizontal lines nearby
0 emu/cm3. In a 100 gauss field ZFC
magnetization has a convex curvature
prior to irradiation but change a
concave one after irradiation. The
values of ZFC magnetization after
irradiation decrease to 0.5 and 0.3
times to these prior to irradiation
in a 100 gauss and 1 kilo gauss,
respectively.
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Fig.2 Temperature dependence of
magnetization in a 100 gauss field.
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Fig.3 Temperature dependence of
magnetization in a 1 kG field.

The hysteresis curves(M - H
curves) at 5 K are shown in Fig,4.
The reduction of magnetization by
irradiation is also seen in this
figure. From the width of M-H curves
the critical current density (Jc) is
calculated by the following
equation,
Jc=20AM/a[l-(a/3b)]
where a and b are the width and the
length of .the specimen; b>a). The
results of the calculation is shown
in Fig. 5. The reduction of Jc,
especially at high temperatures,
after i r radiat ion is quite
significant.

M - H curves (YBCO films)
[x105]

-50000 0 50000

Magnetic field (gauss)

Fig.4 Hysteresis Curves at 5 K.
Critical current density

Magnetic field (gauss)

Fig.5 Jc from above 5,20,40,70 and
80K.

Next step to obtain a regular
pattern of la t t ice defects is now in
progress, although the in i t ia l t r i a l
fell in vain.
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5 . 1 7 Formation Process of Defect Clusters in MgAlz04
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1. Introduction

Ionizing irradiation has been believed to play an

important role for the clustering of point defects in ionic

crystals, because of changes in the nature of point defects,

such as their charge states and mobilities. Zinkle [1]

recently reported that few dislocation loops were formed

in ionic crystals such as MgAl2O4 under high energy ion

irradiation where the ratio of electronic and nuclear

stopping powers {SJSn) was higher than 10 and pointed

out the importance of the parameter of S^S,, for the

clustering of point defects in ionic crystals. Kinoshita el

al. [2], on the other hand, observed no suppressive

formation of defect clusters in MgAl2O4 under concurrent

irradiation with 3 OkeV ions and 1 MeV electrons where

the value of S^S,, was much higher than Zinkle's

criterion. The purpose of the present study is to clarify

the difference between Zinkle's and Kinoshita's results and

the effect of ionization under displacive and ionizing

irradiation for the formation process of defect clusters in

MgAl2O4.

2. Experimental

Disks of MgAl2O4 were thinned by ion-milling

with 6 keV Ar+ ions and annealed in air to remove defect

clusters and Ar atoms induced by the ion-milling. The

specimens were subjected to concurrent irradiation at

temperatures from 870 to 1070 K with a homogeneous

ion beam and a focused electron beam in a transmission

electron microscope combined with two ion accelerators

in Takasaki Ion Accelerators for Advanced Radiation

Application (TIARA) at Japan Atomic Energy Research

Institute (JAERI). Projectile particles were H+, He+, O+

Fig. 1 Microslructurc in MgAl2O4 irradiated at 870K. with
300keV He+ ions and 200 keV electrons. The inside and the
outside of the broken circle were subjected to concurrent
irradiation with ions and electrons and to irradiation solely
with ions, respectively.

Fig. 2 Microstructure in MgAl2O4 irradiated at 870 K with
300 keV O+ ions and 200 keV electrons.
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and Ar+ ions with energy of 300 keV and electrons with

energy of 200keV to provide a wide range of SJSa.

Some of the annealed disk specimens were also irradiated

with 100 to 400 keV electrons at 300 to S00 K.

3. Results and Discussion

Fig. 1 is one of typical examples of bright-field

images showing microstructural evolution in MgAl2O4

irradiated at 870 K with 300 keV He+ ions and 200 keV

electrons. The inside of the broken circle was subjected to

concurrent irradiation with a focused electron beam and a

homogeneous ion beam, and the outside of it was

irradiated with only ions. Voids show up their contrasts

both inside (Sc/Sn=720) and outside (S^S^ISO) the

electron beam, and the size of voids inside the beam is

much larger than that of the outside. Another example on

microstructural evolution is shown in fig.2 for the

concurrent irradiation with 300keV O+ ions and 200keV

electrons. In this case, dislocation loops were formed

instead of voids shown in fig. 1, although the formation

of loops was suppressed inside(Se/Sn=6) the electron beam

comparing with that of the outside(Se/Sn=140). Similar

concurrent irradiation was performed with Ar+ or H"1" ions.

Summarizing the results of the present work and those

published by Zinkle and Kinoshita et al., one can realize

that dislocation loops are formed in the regions where the

values of S^Sj, are higher than the Zinkle's criterion

(Se/Sn=10) and that voids are preferentially formed in the

regions with higher values of S^S^

The annealed specimens of MgAl2O4 were also

irradiated solely with 200keV electrons. Fig.3 shows a

typical example of bright-field micrographs at 1070K

together with the relative concentration of atoms

examined by the energy dispersive X-ray spectroscopy

(EDX). Large voids are seen inside the electron beam, and

the relative concentration of Mg and O atoms decreases

inside the electron beam. Zn atoms might be introduced

in the specimen during annealing in an electronic furnace.

The results on the microstructure and the profile of

atomic concentration in fig.3 suggest that Mg and Zn

atoms preferentially diffuse to the outside of the electron

beam through the electronic excitation or the radiation

induced diffusion, because the 200keV electrons seldom

produce displacements of atoms in MgAl2O4. The

diffusion of cations to the outside of the electron beam

causes enrichment of vacancies inside it induce to the

formation of voids. Under the concurrent irradiation with

- 1 2 7 -

ions and electrons, such cation diffusion (or enrichment of

vacancies) causes the voids formation or the suppression

of dislocation loops depending on the irradiation

condition. The local density energy deposition by ions,

which depends on the mass of the ions, presumably

affects the microstructural evolution, though the detail

discussion requires further experiments.

(b)

.1000 0 500

Distance [nm]

1000

Fig. 3 Microstructure in irradiated at 1070K with 200kcV
electrons (a) and the relative concentration profile of atoms
examined by EDX along the broken line in the micrograph
(b).
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Introduction
In JT-60U boronization using decaborane has

been carried out once in a year since July 1992

in order to reduce impurities, particularly

oxygen impurity in plasma. Boronization,

which is an in-situ boron coating on the plasma

facing surfaces in the tokamak, has been first

applied to the TEXTOR tokamak using a mixed

gas of diborane (BjH^ and heliumfl]. Since

diborane is highly toxic and explosive, we have

chosen decaborane (B10HM), a less hazardous

solid at room temperature, as an alternative

borane source for boronization[2]. It is required

to clarify the properties of the coated boron

films to understand their effects on the plasma

performance. Evaluation of hydrogen content in

the films is particularly important, since it

directly affects the particle controlling processes

in JT-60U plasma after boronization. Therefore

we have performed the measurement of

hydrogen content using 3MV tandem

accelerator. Two analyzing methods are used.

One is the resonance nuclear reaction analysis

(RNRA) method, the other is the elastic recoil

detection analysis (ERDA) one.

Experimental and results
1) Resonance nuclear reaction analysis

(RNRA) method

For hydrogen detection the following reaction

is applied:
1SN + lH— l2C + "He + 4.43 MeV y-ray (1)

Nuclear reaction expressed in eq. (1) shows

an isolated resonance peak around 6.4 MeV so

that the depth profile of the hydrogen content in

the film can be obtained by changing the

incident energy of 15N-beam[3]. Figure 1 shows

the results of the hydrogen depth profiles for the

various samples. In the figure the indicated

depths, lOOnm and 210nm, are obtained from

the SEM observation of the cross section of the

boron films. When we take the stopping power

of nitrogen in boron as 8.8 MeV/(mg/cm2), the

density of the boron film can be evaluated to be

around 1.3 g/cm3 which is about 60% of that of

a B/p-2 (Total)
a B/Fe-3(T0tal)

6.3 6.4 6.S 6.6 6.7 6.8 6.9 7

Energy (MeV)

Fig. 1. Hydrogen dcplh profiles of boron films on

graphite and iron and of amorphous Si. Hydrogen

detection is made using resonance nuclear reaction

between incident beam of I5N and hydrogen.
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[ Current integrator | - j Counter

absorber foil

Detector

Amplifier I—j Preamplifier \-T SiAS 1

Fig. 2. Experimental setup of elastic recoil detection

analysis.

boron crystal. As a reference sample for

hydrogen content, we used an amorphous Si

containing 20 atomic % of hydrogen, of which

data are also shown in the figure as A-Si. The

hydrogen contents for B/Fe-3 and B/Fe-4

samples are obtained to be 13.8 and 15.7 atomic

%, respectively.

2) Elastic recoil detection analysis (ERDA)

method

Figure 2 shows the experimental setup of the

ERDA method using high energy heavy ions

such as oxygen and nickel (HE-ERDA). Three

different ion beams, 8 MeV 16O*\ 16 MeV 16O*

and 30 MeV 58Ni9t are used for the incident

beam. The elastically recoiled particles, such as

hydrogen and deuterium are detected by the

Si-detector and the depth profiles of the recoiled

particles are obtained by their energy analysis.

Figures 3 and 4 show the ERDA spectra from

boron coated iron and graphite using 16 MeV
X6O* and 30 MeV ^Ni9*, respectively. It is

clearly seen from Fig. 3 that the hydrogen and

deuterium are clearly separated in this

spectrum.When we use 30 MeV "Ni9*, boron

is also recoiled and detected so that we can

obtain the hydrogen content from the

comparison of these two yields of hydrogen and

boron as follows:

roo * M <oo «o

Channel number

Fig. 3. HE-ERDA spectra of boron films on graphite

and iron. Incident beam 16 MeV ^O3*.

1000

800
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400 H
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I""

i
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30MeV " N i " —
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I
l

11
I

1
1 1[
| I

I |** L i

• (
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I
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Fig. 4. HE-ERDA spectrum of boron film on iron.

Incident beam 30 MeV 58Ni^.

C H : CB = #CH j / m,,)2

: #CB/(ZB(m1 + rnB)/mB)2 (2)

where CH and CB are the concentrations, #CH

and #CB are the yields, Z,̂  and 7^ arc the atomic

numbers and m,, and mB are the atomic masses

of hydrogen and boron, respectively, and mx is

the incident ion mass. Using eq. (2) the

hydrogen contents for B/Fe-3 and B/Fe-4

samples are obtained to be 9.2 and 10.9 atomic

%, respectively, which are smaller than those

from RNRA. The different values between the

two might come from the incorrect value of

hydrogen content of amorphous Si which is

used as a reference sample, since in HE-ERDA

method the hydrogen content can be obtained

only using eq. (2) without any reference
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samples.
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6 . 2 Development of Elastic Recoil Detection Analysis

Using heavy ions. -Simultaneous Detection of H and He

by Means of ERDA Technique Using 1?C Ions-
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1. Introduction

In order to study the hydrogen-helium

interaction in solid, it is necessary

to know the hoth depth profiles of II

and He simultaneously. One of the most

frequently used methods in depth pro-

filing of hydrogen isotopes is ERD

analysis technique using He ions(l).

By applying heavier projectiles such

as 12C, simultaneous detection of II

along with He is possible, and the

depth resolution can be further

improved. This report presents exper-

imental depth resolutions in the re-

flection geometry and typical results

of simultaneous measurement of II and

He depth profiles in the transmission

geometry.

2. Experimental and results

We measured experimentally the depth

resolution for the reflection ERD

analysis at several sample depths in

the case of 5.7 MeV I2C incident ions.

liRD spectra were taken from a 3

layered sandwich sample consisting of

20 nm and 40 nm Ni layers succesively

deposited on a Si wafer with high

smoothness. The surface of the top-

most Ni layer as well as Ni/Ni and

Ni/Si interfaces always contained a

contaminant hydrocarbon layer of 1-20

x 10lr'at./cm2. Examples of the mea-

sured spectra are shown in Fig. 1.

The energy spread of hydrogen peaks

A H a can be determined into depth

resolution A x using the effective

stopping power Soft as A x - A E d /

S C(t . Comparison between experimen-

tal depth resolution and theoretical

calculations at several sample depths

are now in progress.

The simultaneous detection of II along

with He were made on the Tillo. nir>

film of 2. [fim thickness during 10

keV He implantation at transmission

geometry. Examples of transmission ERD

spectra in the case of 4.5 MeV IZC

projectiles are shown in Fig. 2. The

peak at 710ch represents the recoiled

He and the intensities below 420ch

corresponds to the recoiled II. Accord-

ingly, separation between He and II

depth profiles is satisfactory. The

intensity of He peak as well as II con-

centration near the projected range
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of the implanted He increase gradu-

ally with increasing of implantation

dose. This result shows thai the ERD

analysis using 12C beam is very use-

ful to study the He—II interactions in

solids(2).
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Studies on the Processes of Atomic Adsorption and Desorption
at the Solid-Liquid Interface by In-situ RBS Technique
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The aim of this study is to develop
the experimental system for measuring,
by in-situ RBS technique, the depth
distribution of heavy impurity atoms
adsorbed at the inner surface of a thin
film wall of a liquid container, which are
dilutely dissolved in a liquid container,
which are dilutely dissolved in a liquid
specimen, and for determining the rate
constants of their adsorption and
desorption at the solid-liquid interface.
In order to achieve the aim of this study,
it is necessary to prepare a stable thin
film specimen which can isolate the
vacuum system for the RBS
measurement from the impurity-
dissolved liquid. Moreover, it is
necessary to determine the energy range
of probing He+ ion beam enabling the
detection of adsorbed species which
depends on their mass and thickness of
the thin film wall.

In this report, we describe the
method to prepare the thin wall window
of the silicon film with a SiC>2 surface
layer and the performance of the silicon
window of a liquid container, in which
Xe gas of one atmosphere is enclosed,
against the bombardment of 9MeV He+
ion beam for the RBS measurement.

The thin silicon window was
fabricated using preferentially slow
etching of heavily B-implanted silicon. A
silicon wafer of 0.2mm in thickness and
10mm in diameter was implanted with
4MeV B+ ions, of which the projected
range is 5.5 îm and hereafter was

annealed for an hour at 950°C in order
to reduce the radiation damage
introduced by the B implantation and to
produce the SiO2 layer at the surface.
The unimplanted and unmasked surface
of 3mm in diameter was etched. The
silicon wafer was used for the thin wall
window of the liquid container, which is
shown schematically in Fig.l The
container was made of stainless steel
and aluminum.

For testing the tolerable strength of
the thin silicon window against the
pressure difference of one atmosphere
under irradiation of the probing He+ ion
beam, the container was placed in a
conventional UHV chamber which is
connected to a beam line of 3MeV
Tandem accelerator in the TIARA
facilities. When the Xe gas of one
atmosphere was enclosed in the
chamber, no leakage of Xe gas was
detected. The thin silicon window was
irradiated with a 9MeV He++ ion beam
of 0.6mm in diameter at an ion flux of
1.9xlO13/cm2s in perpendicular to the
surface. He ions backscattered from the
silicon window were detected with an
annular-type silicon surface barrier
detector. A typical RBS spectrum of
9MeV He"*"1" ions from the thin silicon
window is shown in Fig.2. It is.clearly
seen from Fig.2 that a broad peak
between the channel numbers 550 and
680 represents the backscattering from
Xe atoms and large three peaks
represent that from the silicon window.
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The scattering from the Al backplate
appears at low energies of a small peak
at the channel number of 275. The
thickness of the Xe gas target, estimated
from the broad Xe peak on the
assumption that the Xe gas pressure is
one atmosphere, was 4.5mm, which is
very consistent with the real measure
from the back surface of the thin silicon
window to the surface of the Al
backplate. Therefore, the Xe gas
pressure was concluded to be kept at

silicon window

one atmosphere. The thin silicon
window was continuously irradiated
with 9MeV He+ + ions up to
3.1xlO17/cm2. The RBS energy spectrum
obtained after the irradiation was the
same as the first one in Fig. 2, which
indicates that the thin silicon window is
tolerable against such a heavy
irradiation under the pressure
difference of one atmosphere. Further
testing of the container filled with water
is planed in the next experiment.

aluminium

stainless steel

aluminium 30mm(|)
inlet of Xe gas

O-ring

250mm

Fig.l A schematic drawing of a liquid container in which
Xe gas of one atmosphere was enclosed for testing.

80000
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o
o
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9 MeV H e + W Si (5.5 urn) / Xe (4.5 mm) / Al
0 =180°

200 400 600
Channel Number

800

Fig.2 A RBS energy spectrum of 9 MeV He++ ion beam from
a container filled with Xe gas of one atmosphere.
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Introduction

Under channeling incidence conditions
of fast ions, the repulsive ion-atom
interaction deflects the ions away from the
aligned atoms, so that the atoms in the
crystal are more effectively shadowed with
increasing depth. This is actually the initial
stage of ion channeling.

High-energy (kcV) secondary electron
yield induced by fast ions reflects the high-
energy shadowing effect which is difficult
to observe by other methods. One of the
important applications of ion-induced
electron spectroscopy combined with the
channeling technique is the determination
of charge states of fast ions in solids. In
the past year, we have made progress in
the analysis method, and have successfully
determined the charge states of 2.5- and
3.5-MeV/u ions (2<Z<17) in glancing
collisions with atomic rows in Si.

Modified analysis of charge states

When the ion's nuclear charge is
screened by inner-shell electrons, the
electron yield in the channeling case is
enhanced by two mechanisms, i.e., the
reduced shadowing effect and the enhanced
emission effect. The enhanced electron
yield can be analyzed by comparing the
ratio of channeling to random yield to those
for various ions of equal velocity. The
"enhanced emission for the random case
must be also taken into account unless the

ions arc fully stripped, since it also affects
the ratio of channeling to random yield. It
should be noted that the latter effect, found
by several workers recently with 0-degree
electron spectroscopy using gas targets,
has been ignored in our previous
analysis. In a modified analysis, we have
successfully taken into account the above
two effects.

Figure 1 shows the effective charges
Zeff (=ion's atomic number minus number
of capture electrons) for the 2.5 MeV/u
ions, obtained from the modified analysis.

12

-i—i—i—i—i—i—i—i—i—i—i—i—i—r

2.5-MeV/u ions

o Si<100>

2 '. 6 8 10 12 14 16 18

Fig. 1 ZaH obtained from the analysis
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The numbers near the plots indicate the
incident charge states of the ions. Figure 2
shows similar results for the 3.5 McV/u
ions.

In contrast to the light ions, the electron
capture as well as loss occurs for the Si, S,
and Cl ions. At2.5-MeV/u, Si*3+. S13+,
and Cl15+ capture about 3 or 4 electrons,
on the average, but Si7+, S7+, and Cl8+

lose 1 or 2 electrons. Therefore, we may
conclude that for the channeling case the
most probable charges in the equilibrium,
Zeq, are 8.2<Zeq<9.7, 8.6<Zeq<10.3, and
9.1<Zeq<11.3 for 2.5-MeV/u Si, S, and
Cl, respectively. Similarly, it can be

12 -

10 -

3.5-MeV/u ions

o Si<100>
• Si<H0> /

/

: h

' . IS t

" l 3 t »IO*

OlOt

8 8 t

/

/^.n^i-10

2 A 6 B 10 12 K 16 IB

Fig. 2 Zeff obtained from the analysis

concluded that 9.6<Zeq<11.3 and
10.5<Zcq<11.9 for 3.5-McV/u Si and S,
respectively.

The results also indicate that the number
of bound electrons in the limit of charge
equilibrium is greater than for the ions
under random incidence conditions. It
appears reasonable that the values of Zeff
are greater than Zi -10, i.e., the neon-like
electronic core, unlike in the previous
analysis.

Conclusions

The charge states determined by the
present method are characteristic of the
ions passing through a high-density region
of electrons near the atomic rows, which
have never been approached experimentally
nor theoretically. Similar analysis of charge
states in Ge crystals is now under way to
study not only the material dependence, but
also the impact-parameter dependence of
the charge states.
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Introduction

Several experiments on L X-ray spectra using crystal

spectrometers have shown the phenomena of

extensive multiple ionization [1-3]. L X-ray lines

produced by heavy ion impacts have been observed

to be broadened and shifted to higher energies than

the corresponding lines produced by electron and

proton impacts. For heavy-ion impacts in the McV/u

range, these energy shifts have been attributed

experimentally and theoretically to multiple inner-

shell electron vacancies of the initial atomic

configurations produced by the heavy ion-atom

collisions. As L X-ray spectra contain much more

transitions than K X rays, a variety of line shifting

and peak broadening mechanisms can be added to

the complicated L X-ray spectra.

We have reported [2] that broad satellite peaks are

observed in the high energy side of the characteristic

L X-ray line in 3d transition metals (Cr, Mn, Fe and

Co) by MeV N and Ne ion impacts and the La\,2

lines are significantly shifted to the lower energy

side. The high energy satellites are considered to be

L hypersatellite and satellite lines arising from the

multiple electron vacancy production in the L, M

and N shells during heavy ion-atom collisions.

While, the process that caused the lower energy shift

in the La\,2 X-ray line is still unknown. Therefore,

we have measured highly resolved L X-ray spectra

from the Fe target produced by 0.75 MeV/u H and

He ions.

Experimental

The experiments with a beam of 0.75 MeV/u H+ and

He+ ions were performed at the JAERI-TIARA

accelerator facility using the 3 MV single-ended

electrostatic accelerator. The experimental setup has

been described in detail previously [2]. The ion

beam (5x5 mm2) was incident on a thick Fe target

normal to the surface. The X rays emitted at a take-

off angle of 45° were analyzed by a flat crystal

spectrometer with a RbAP(lOO) crystal (Rubidium

acid phthalate, 2d=2.6121 nm).

Results and discussion

Figure 1 shows the L X-ray spectra from a thick Fe

target produced by 0.75 MeV/u H+ and He+ ions,

respectively. In order to analyze the spectra

quantitatively, least-squares fits were performed

using a few pseudo-Voigt functions to represent the

gross structure. The quality of the fit was excellent

in both cases. The resulting peak centroid energies

for H and He impacts had same values which were

616 eV for Lx, 628 eV for Lr\, 704.9 eV for La 1,2 and

717.7 cV for LpM (Table 1). These values are in

good agreement with those of 615, 628, 705 and 718

eV given in the reference [4]. The average widths of

Lai,2 and Lpi are 6.5 and 12 eV for both projectiles.

The relative intensity, Lpi/Lai,2 for He ion impact is

twice as large as for H ion excitation. This result

suggests that multiple ionization is induced more
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Fig.l L X-ray spectra of Fc produced by 0.75 McV/u

H+ and Hc+ ion impacts.

Table 1 Averaged centroid energies in eV for Fe L\,

Lr\, La\,i and ip i X-ray diagram lines produced by

0.75 McV/u H+ and He+ ions.

X-ray Transition Averaged ccntroid energy/eV

Present Ref. 4

References

[1] F.Hopkins, in: Methods of Experimental
Physics, edited by P.Richard (Academic Press,
New York, 19S0), Vol.17, p.355.

[2] K.Kawatsura, K.Ozawa, M.Terasawa,
K.Komaki and F.Fujimoto, Nucl. Instrum.
Methods Phys. Res. B75, 28 (1993).

[3] V.Horvat, R.L.Watson and R.Parameswaran,
Phys. Rev. A51_, 363 (1995).

[4] J.A.Bearden, Rev. Mod. Phys. 39, 78 (1967).

[5] I.P.Grant, B.J.McKenzie, P.H.Norrington,
D.F.Mayers and N.C.Pyper, Comput. Phys.
Commun. 2J., 207 (1980).

[6] K.G.Dyall. I.P.Grant. C.T.Johnson, F.A.Parpia
and E.P.Plummer, Comput. Phys. Commun 55,
425 (1989).

[7] H.Kageyama, K.Kawatsura, RTakahashi,
T.Awata, T.Nakae, S.Arai, T.Kambara,
M.Oura, T.Papp, Y.Kanai, Y.Awaya,
H.Takeshita, Y.Aoki, S.Yamamoto,
P.Goppelt-Langer, H.Naramoto, Y.Horino,
Y.Mokuno and K.Fujii, Proc. 3rd Int. Symp.
Swift Heavy Ions in Matter (Caen, France,
May 15-19, 1995).

Lx

IT,

Lal,2

2P3/2"3sl/2

2pi/2-3d3/2

616
628

704

717

.9

.7

615
628

705

718

significantly for He ion impact.

The measurement of I X-ray spectra from a Cu

target produced by 0.75 MeV/u H+ and He+ ions will

be performed soon at the TIARA facility to compare

the spectra produced by heavy ion impacts at the

RILAC of RIKEN. All of these I X-ray spectra are

also compared with the calculated ones by using the

multi configuration Dirac-Fock method (MC-DF

method) [5,6]. Preliminary calculation using the

MC-DF method (GRASP-code) suggests that the

broadening of the Lai,2 line to the lower energy is

attributed to one 2p p5-i one 3d electron vacancy

production [7].
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Introduction

In the radiation effect study with energetic ions, it is

necessary to earn.' out a microstructural analysis on

single crystals of nuclear materials by using PIXE

and RBS methods under channeling conditions

(PIXE-C and RBS-C) to explain depth profiles of

implants or impurities and transformed layers, and

radiation-induced defects.

We have investigated radiation-induced effects in

single crystals of type 304 austenitic stainless steel

(SUS 304) irradiated with 1.6 MeV He ions [1-4],

and radiation-induced defects and their annealing

behavior in single crystals of a-SiC(OOOl) [5.6] and

MgO(lOO) [7] implanted with 1.0 MeV Ni ions by

means of PIXE-C and RBS-C measurements. In this

report, we describe only the result of SUS 304

irradiated with a 1.6 MeV He ion beam up to the

doseof2.5xl0I7cnr2.

Experimental

A single crystal of type 304 stainless steel (SUS 304)

was grown by the modified Bridgman method at

Himeji Institute of Technology [2]. The quality of

the single crystals has been examined at the 2 MV

Van de Graaff accelerator facility at ONRI, Ikcda

and at the 3 MV single-ended electrostatic

accelerator facility at JAERI, Takasaki (TIARA

facility). Single crystalline specimens of (100),

(110) and (111) oriented SUS 304 were bombarded

with 1.6 MeV Hef ions incident 4° to the surface

normal at room temperature.

Results and discussion

Figure 1 shows the dose dependence of the

displacement atom ratio (DAR). The values of DAR

for (110) increase linearly and reach 0.1 at a dose of

2.5xlO17 cm"2. Those for (100) and (111) increase

more rapidly at the initial stage and reach 0.15 and

0.14 at the same dose, respectively. The dose

dependence for (110) is fairly different from the

above two orientations. We cannot conclude in this

stage if this difference is associated with the

specified orientation of atomic defects.

Figure 2 shows a part of the PIXE spectra from the

random orientations of SUS 304 single crystal with

(100), (110) and (111) surfaces before and after 1.6

MeV He irradiation of 2.5x 1017 cm"2. The K X-ray

yields from Cr, Fc and Ni atoms are confirmed to be

equal in all six spectra. The K X-ray yields from the

Si atoms increase by 20% for (110) and (110), and

by 15% for (111), respectively, after He irradiation,

and those from the S atoms only a few % for the

(100) and (110) surfaces. This enrichment of Si and

S atoms to the surface during ion irradiation is due

to radiation-induced segregation (RIS). Thus, the

PIXE-C method has proved to be a very sensitive

technique to investigate the RIS mechanism in single

crystal stainless steels [1-4].
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Fig.2 PIXE spectra from the random orientation of

SUS 304 single crystal oriented to the (100), (110)

and (111) surface before and after 2.5xlO17 cm"2 He

irradiation.
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[Introduction]
Rutherford Backscattering Spectroscopy

(RBS) with MeV He ion beams provides a
powerful and versatile tool to determine
elemental compositions and crystal
structures from a top surface to a depth of
about 1 \xm. RBS has an excellent
characteristic that it enables us to derive
absolute quantities of impurity elements
without standard samples and also their
depth profiles nondestructively. Its weak
point is the poor sensitivities to light
elements. However, nuclear reaction
analysis including elastic scattering
enhanced by nuclear interactions covers
the above point to some extent.

In the present study, we have determined
precisely the cross sections of resonant
elastic scattering for MeV ions-impact on
H, D and 0 and then performed their
quantitative analyses, which are generally
very difficult for other techniques. We
further discuss how to improve the
accuracy of the above elemental analysis.

[Differential scattering cross sections]
The elemental analyses of H and D were

made by detecting the particles recoiled
into forward directions using MeV He+

beams. This technique is frequently called
"elastic recoil detection analysis(ERDA)".
These recoil cross sections are strongly
enhanced by nuclear interactions due to

low coulomb barriers. In order to
determine the cross sections precisely, we
used the standard samples which were
prepared by CH3

+ and CD3
+ implantation

into Si substrates. Organic films are
inadequate for their purpose, because
gas-like elements of H and 0 easily escape
from the surfaces.

The resonant elastic scattering of 160(He,
He)I60 has a sharp and strong resonance
around 3.034 MeV, which is applicable to
oxygen analysis. We have also determined
the scattering cross sections using
thermally oxidized SiO2 films. This
resonant elastic scattering has strong
energy and scattering angle dependence as
shown in Fig. 1. Thus one must measure
the scattering angle precisely and carefully
select the incident energy.

[Application]
The above elastic scatterings were

applied to following 3 types of samples;
(l)a-Si(H) formed by CVD,
(2)Ge/D/Si(100) prepared by EB
deposition followed by rapid thermal
annealing, (3)YBa2Cu4O8.5/SrTiO3,
NdBa2Cu307.s/SrTi03. Fig. 2(a) shows the
RBS spectra from NdBa2Cu307.6/SrTi03

for 3.090 MeV He+ incidence and
scattering angle of 170°. Fig. 2(b) is the
magnified oxygen spectra in which the
background from STO is subtracted. In
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such oxygen analysis, the crucial point to'
improve the accuracy is to best-fit the total
oxygen yield from the resonance instead of
oxygen peak height and to select the
incident energy so that the He+ energy at

References
1)Y. Kido, S. Miyauchi, 0 . Takeda,

Y.Nakayama, M. Sato and K. kusao,
Nucl. Instrum. Methods B82( 1993)474.

2)T. Nishimura, Y. Kido, F. Wang, M.
Badaye, Y. Yoshida and T. Morishita,the half depth of the film of interest

becomes close to the resonance energy of submitted to J. Appl. Phys.
3.034 MeV.

3.069MeV He'* -> NdBaCuO/STO

Nd: Ba : Cu: 0 = 1.0:2.0:3.0:7.0
Tc = 84 (K)

— Simulation
—• Simulation
. Experiment

Scattering cross section ,

100 150 200 250 300 350 400 450 500
Channel number

>

4000

3500

3000

2500

2000

1500

1000

500

0

(b)

Oxygen

O (TOTAL)
O (NBCO)

• ••- O(STO)
o Experiment

Fig. 1. 16O(He,He)16O differential scatter-
ing cross sections as a function of scattering
angle and incident energy.

Fig. 2. (a) Observed and best-fitted RBS

spectra from NdBa2Cu307_£/SrTi03 for 3.069

MeV He2+ incidence, (b) Magnified oxygen

spectra observed and best-fitted.
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6 . 8 ERDA and RBS using High Energetic Heavy Ions

P. Goppelt- Langcr, S. Yamamoto, Y. Aoki, H. Takeshita, H. Naramoto
Dept. of Materials Development, JAERI/Takasaki

Elastic Recoil Detection Analysis (ERDA)
and Rutherford Backscattering Spectrometry
(RBS) have been carried out using high ener-
getic heavy ions as 160, "2S, and 58Ni at ener-
gies between 0.5 and 1.0 MeV/amu. The aim
of this project was the analysis of light and
heavy elements with high depth resolution
and sensitivity. As reported earlier [1], the
technique was successfully applied to the si-
multaneous detection of elements ranging
from H to C in thin layer samples. In this
measurements a simple detector setup using
an aperture slit and a thin Mylar absorber foil
could be chosen. The spectra were energeti-
cally separated over a range of a few 1000 A.
If the ERDA technique is combined with
RBS, light and heavy target elements can be
measured simultaneously. Target elements in
the mass range of the projectile are excluded
for this simple ERDA setup. More recent
measurements make use of a time-of-flight
system consisting of a transmission channel-
plate detector and a 450 mm2 surface barrier
detector at a distance of about 1.2 m. The
detector is fixed at 45° scattering angle. Beam
eminence is limited two apertures to less than
0.5°. In front of the detector an aperture slit

diilnm toil iipcnuic slit
I!ii|<g/cin2 flight path

I in \ r - A SHI)

Fig. 1: dcicctor setup for ERDA using tiinc-of-flighl
and energy detection.

was placed to reduce the in-plane angular
width of the detector, which is neccessary
because of the large kinematic energy spread
in ERDA. The detector setup for ERDA and
RBS using time-of-flight is shown in figure 1.
Using this system the scattered particles are
identified by their mass. Simultaneously, the
whole mass range is covered by ERDA, un-
ambiguously, over the whole depth range.

Fig. 2 shows a typical 2-dimensional spec-
trum of time-of-flight vs. energy. This spec-
trum has been taken using a 30 MeV 5SNi
beam. The target was a 500 A thick V layer
on Silicon. Obviously, there is an oxide layer
onto the sample surface. All elements O, V,
Si and Ni are clearly separated.

Time-of-flight
Fig. 2: 2-dimcnsional spectrum of timc-of-flight vs.
energy. Sample is 500 A vanadium layer on a silicon
substrate. Beam is 30 McV 5KNi.

16,Fig. 3 shows the spectrum of a 16 MeV O
beam scattered into 45° in forward direction
on a Nb/Si multilayer structure. The thickness
of the layers is only 50 A and they are well
separated. Projectile ions scattered on heavy
target elements have high detector yield and
energy and forward scattering RBS can be
applied simultaneously with high depth reso-
lution. In forward scattering RBS the mass
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separation is relatively poor and it is only
applicable for large mass differences in the
target.

-too
Energy [arb. units]

soo

Fig. 3: spectrum of forward scattered oxygen ions
scattered on Nb. Sample consisting of Nb/Si multi-
layers of 50 A thickness.

Fig 4 shows the heavy ion RBS spectrum of a
Nb/Cu multilayer system, were the detector
was placed at 180° (annular detector). The 16
MeV 16O beam showed almost best results,
regarding mass separation and depth resolu-
tion. The spacing of the Nb/Cu layers is 50 A.
The sample has been inclined to 70° relative
to the surface normal to achieve best depth
resolution without interference between Cu
and Nb backscattered ions.

In heavy ion experiments the beam effects are
not negligible [2]. A large amount of energy
is deposited in a very thin layer. Sample
heating is most often a crucial parameter.
Therefore, during the last experiments an ap-
erture slit of 1 x 5 mm2 was used for the in-
cicent beam instead of the circular aperture
used before. Sample cooling should be ap-
plied in further experiments.
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1 •
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' I • I '

Nb/Cu 50 A x S

RBS 170/10

16 McV " 0 i
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Fig. 4: heavy ion RBS spectrum of a Cu/Nb multi-
layer structure wit 50 A lavcr thickness.
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6 . 9 Stopping and Straggling of 15N Ions at 6.4 MeV

P. Goppelt- Langer, S. Yamamoto, Y. Aoki, H. Takeshita, H. Naramoto
Dept. of Materials Development, JAERI/Takasaki

Stopping-powers and straggling in various
target materials have been measured for 15N
incident ions at 6.4 MeV using the well-
known 'H(15N,aY)12C resonant nuclear reac-
tion [1], Samples have been prepared using
electron beam evaporation of thin layers of
Si, Ti, Ni, Cu, Nb, Pt and Au on H terminated
crystalline silicon substrates under UHV
conditions. The H monolayer remains stable
at the silicon substrate during evaporation and
ion irradiation. The layer thicknesses were
ranging from 500 to 3500 A. At this thickness
range the energy straggling is between 15 and
40 keV (a) and is the main contribution to
the measured width of the H profile. Surface
roughness, interface quality and Doppler
broadening are negligible. The nuclear
straggling (a) is comparable to the electronic
straggling. But, while electronic straggling
can be assumed to be of Gaussian shape, the
nuclear straggling is peaked much narrower,
but has long tail from close encounter colli-
sions, which is the dominant contribution to
the straggling. This tail does not contribute to
the width of the 15N measurement. The meas-
ured width is affected by electronic straggling
only. A crucial point in the straggling meas-
urement is the diffusion of the H layer during
irradiation. In this experiment the H was
bonded strongly on the Si substrate and
showed to be stable under irradiation. In the
experiment of Briere et al. the samples were
kept at low temperature, which may have
similar effect. The measured H profiles were
fitted with Gauss normal distribution func-
tion. A typical spectrum is shown in figure 1.

7000

Fig: 1: 15N NRA spectrum of a 1000 A thick Cu layer
on H terminated crystalline silicon and Gaussian
fitting curve

In the case of target materials, as e.g. Nb,
which incorporate H easily, the layers were H
charged using an Ar:H2 3.5 at.% mixture un-
der normal pressure. The samples were
heated up to a temperature of about 160°C
without exposing them to air to avoid surface
oxidation. Here an integrated Gauss function
was used for fitting, see figure 2.

4000 -

2000

6600 6800
Energy [keV]

7000

Fig: 2: 15N NRA spectrum of a 1000 A thick H
charged Nb layer on crystalline silicon and fitting
curve

The thicknesses were determined by Ruther-
ford backscattering spectrometry using the
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energy loss of 2 MeV He ions. The stopping-
powers were compared with ZBL data [2]
(1988 data sheet) for electronic stopping.
Nuclear stopping is negligibly small at this
energy. The experimental straggling data
were compared to Bohr straggling [3] and an
empirical formula given by Rud et al. [4].
Former experimental data for stopping and
straggling were also taken into account [4,5],

Stopping-power:

Fig. 3 shows the stopping-powers obtained by
this and earlier experiments and the ZBL
stopping calculation from the 1988 data
sheet. For target elements with Z2 below 20
the experimental and calculated stopping-
powers agree quite well. For elements with
higher Z2 the data from all experiments show
a higher stopping-power of about 7 %. The
new ZBL stopping-powers (1995 data sheet)
have been improved for these target elements
and fit also in this range within about 3 %.
(Not shown in the figure).

800

| 6 0 0

Exp. Rud el al.

Exp. Briere et aL

This Exp.

ZBL •

80 100

Fig: 3: Experimental stopping-powers for 15N ions at
6.4 MeV for various elements. Sold line is ZBL cal-
culation (1988 data sheet), others arc experimental
data as indicated in the legend

Rud et al. are depicted in figure 4. Obviously,
the data points all follow the Bohr curve,
which confirms former experimental results
obtained by Briere et al.. The empirical for-
mula given by Rud et al. yields to too high
values for straggling.

2x10'

"= 1x10*

° 5x10=

1 I ' I
A Exp. Rud et al

o Exp. Bricre el al

• Thii Exp.

Bohr theory

after Rud et al

20 40 60 80 100

Fig: 4: Straggling of "N ions in various target ele-
ments. Solid line is Bohr straggling, broken line is
empirical formula from Rud ct al.. others arc ex-
perimental data as indicated in the legend
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Straggling:

The experimental data for straggling, Bohr
straggling and the empirical formula from
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6 . 1 0 On-site Analysis of 3lV+ Implantation into Sapphire
Using Dual Beam System
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Hidefumi TAKESHITA, Peter GOPPELT-LANGER
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JAERI/Takasaki

[Introduction]
Sapphire(a-Al2O3) is one of potential

substrates to form the quasi-stable phases
with new functions because it can
accommodate various kinds of transition
metals with different charge states. The
introduction of these elements into the
chemically inert sapphire can be
accomplished through the ion implantation
technique exclusively.

New functions will originate from the
electronic structure associated with
implanted species themselves or combined
system with induced defects, and it is
needed to know the microstructural
change like the lattice location of implants
and damage evolution.

In the present study, the surface-sensitive
analysis is made on the 5IV-implanted layer
using a RBS/channeling technique. For this
purpose, "Dual Beam Analysis System"
has been developed where the on-site
analysis can be made at low temperatures
by detecting scattered ions and secondary
electrons.

[Experimentals]
250 keV 51V+ ions were implanted 40° off

the surface normal at RT and 36K up to the
dose of 3.5xlO16/cm2. The implanted layer
was analyzed without warming-up the
sample by employing a RBS/channeling
technique using 2MeV 4He+ ions from a
single-ended accelerator. The channeling
analysis was made only along <0001> axis

but the detection of backscattered particles
was made at 135° and 160°.

[Results and discussion]
In fig. 1 an experimental arrangement is

illustrated for dual beam analysis system.
In this system, three kinds of energy beams
are available for materials processing and
analysis. Various kinds of ions from 400
kV ion implanter are used for surface
modification, and the modified surface can
be processed using a YAG laser. The ion
beam analysis on the surface region is made
alternatively after ion implantation or laser
processing using 2MeV 4He+ ions from a
single-ended accelerator. In this kind of
study the sample temperature will play an
important role and a 6 axis goniometer was
developed which can be operated even in
the low temperature range of 3OK-3OOK.
Possible research programs are depicted
also in this figure, and the present study is
involved in the 2nd research item
of "Synthesis of quasi-stable materials
through processing at low temperatures"

In Fig. 2, are shown <0001> aligned
spectra with the random one in CX-AI2O3
implanted with5IV4" ions at RT using a dual
beam analysis system. The implanted dose
was changed in the wide range of 1014 to
3.5xl016 /cm2 to detect the damage growth
and the corresponding distribution of
implanted S1V atoms. In the course of
implantation, the surface peak is enhanced
and the defect profiles change in its
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feature. The peak positions of the defect
profiles go into deeper with the increase of
implantation dose, and in final the peak
position coincides with that in the
implanted profile of 51V. These changes
have been confirmed only through a dual
beam analysis system because the small
changes of the damage profiles in different
samples are not so confident. The present
results can be tentatively explained by the
different interaction of incident ions with
the radiation-induced defects with the
different natures. The angular scanning
around <0001> axis, not shown for
simplicity, gives us a conclusion that some
part of implanted 51V+ atoms occupies
Al-sublattice with the introduction of
lattice distortion in O-sublattice. The
distortion in Al-sublattice can not be
detected within the experimental error.

Fig. 3 shows the same kind of analysis at
36K as in the previous one. In this case, the
implanted doses was changed in a small
range of 0 to 1.2xlO15/cm2, and the

implanted profiles of 51V atoms can not
be observed clearly. But in the aligned
spectra one can see the huge growth of
damage in Al-sublattice, and after the dose
of7xl014/cnr the implanted layer becomes
amorphous judging from the coincidence
between the scattered yields in <0001>
alinged and random spectrum. In the initial
stage of the damage growth the profiles are
not symmetric and have a long tail to the
surface but after the amorphization the
profiles become symmetric. The peak
position is fairly shallower compared with
that in RT-implanted sample. In this figure,
any enhancement of surface peaks can not
be observed different from the spectra at
RT, which indicates the defect recovery is
not so dominant in this temperature range.
The peak position is rather close to that at
the initial stage in RT implantation. Further
studies will be needed to make clear the
defects responsible for these kinds of ion
scattering spectra.

Research Programs
*Analysis of electronic state and atomic

arrangement associated with phase transition
near surface surface region.

*Synthesis of quasi-stable materials through
processing at low temperatures

*Ion mixing process in immiscible systems
*Radiation effects on low m.p. materials

System

I Collimated Beam

2MeV 4He + from Single Ended Ace.

Fig. 1: Experimental arrangement in
"Dual Beam Analysis System"

Two ion beams for implantation
and analysis, and a laser beam
for rapid heat treatment are
available. 6 axis goniometer can
be operated at low temperatures.
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Fig. 2: On-site analysis of a-Al2O3 when 250 keV 51V+ implatation at RT using "Dual
Beam Analysis System". 2MeV 4He+ RBS/channeling is employed. Except a
random spectrum, others are taken under the <0001> aligned condition.
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Fig. 3: The same kind of ion beam analysis as in Fig.2 but made at 36 K. The dose range
employed here is less than 1.2xlO15/cm2.
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6 . 1 1 Ion Beam Analysis of Diamond Crystal Implanted
with 400 keV 39K+ Ions

Dorothee RUECK*, Mingle GAN, Shunya YAMAMOTO
Yasushi AOKI, Peter GOPPELT-LANGER

Hidefumi TAKESHITA, Hiroshi NARAMOTO

*GSI-Darmstadt, Germany
Department of Materials Development

JAERI/Takasaki

[Introduction]
Artificially grown diamonds have shown

to have good crystal perfection and high
purity, and they are ready to be modified
for the introduction of new functions. Ion
implantation is a violent technique but it is
still thought to be effective on the
modification of physically and chemically
inert materials like diamonds.

Recently several studies have been made
on the ion-induced damage structure by
employing crystallographic analysis[l] and
EPR analysis[2], and the bonding natures
associated with ion irradiation have been
studied using Raman technique[3,4].

In the present study, ion beam analysis on
K-implanted diamond is shown as the first
step of pursuing a possibility of new
compound formation by the introduction
of alkali atoms into carbon-based
materials.

[Experimentals]
400 keV 39K+ ions were implanted into

(001) diamond single crystal at ambient
temperature under a random condition.
The ion beam intensity was kept as high as
possible expecting enhanced reactions
between carbon atoms- in substrate and
implanted 39K atoms. The size of beam spot
was 1 cm2 and the typical intensity was 2-
4(iA/cm2. Samples with two different

doses(5.0xl015/cm2 and 2.6xlOI6/cm2)
were prepared for the damage structure
analysis and also for the analysis of K-C
interactions, respectively.

The implanted surface layer of diamond
was analyzed by using RBS/channeling of
2MeV 4He+ ions. During the analysis,
special attention was paid to avoid the
noises from discharging.

[Results and discussion]
In fig. 1 typical RBS/channeling spectra

are shown in <001> diamond crystal
implanted with 400 keV 39Kf up to 5.0
xlO'Vcm2. The <001> aligned spectrum
from the unimplanted region is also
shown . A curve depicted by a solid line
corresponds to a spectrum taken under a
random-orientation equivalent condition.
The <001> aligned spectrum after
implantation is shown in a dashed line. In
this figure one can recognize the same
intensity in the random and aligned
spectrum after implantation, which
indicates the formation of an amorphous
layer after this low dose implantation of
5xlO15/cm2 39K+ ions even at ambient
temperature . In the intensity profiles from
implanted 39K+ ions there is no difference,
which suggests no substitutional
occupation of implanted ions in the
substrate crystal lattice. The implanted
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profile seems asymmetric, different from
the standard feature of implanted species.
The implanted atoms distribution is
broadened to the surface, which can be
rather explained by atomic diffusion to the
surface and not by compound formation,
because one can not see any step at the
leading edge of the diamond surface. Also,
there is no evidence of oxidation of 39K
atoms moved to the surface.

After the implantation of 2.6xlO16/cm2,
which is about 5 times higher compared to
the previous case, the profile of implanted
39K atoms has become more pronounced
and more symmetric, which can be seen in
Fig. 2. But the width in the amorphous
region of the diamond substrate is almost
constant. These results cannot be
explained in a simple manner but it can be
tentatively attributed to the K-compound
formation. The compound formation
associated with implantation might not
induce a long range migration of implanted
species.

In the forthcoming study, the surface
layer will be analyzed using a Raman
spectrometer after annealing at several
temperatures far below the oxidation one.
The deep ion implantation is also expected
to keep the surface layer crystalline. Under
this condition the amorphized layer can
receive an internal high pressure without
any influence of getting oxygen, which
might induce the different kinds of
compounds far from the standard.
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2.0 MeV 4He* on Diamond

Imp!, with 400 keV 39K .

(5.0 x 1015 /cm2)

0.5 1
Energy [MeV]

Fig. 1: RBS/channeling spectra in diamond
implanted with 400 keV 39K+ ions up
to 5.0xl015/cm2. Aligned spectra were
taken along <001> axis.

800

2.0 MeV 4He+ on Diamond-
39Impl. with 400 keV 39K _

(2.6 x 1016 /cm2)

0.5 1
Energy [MeV]

Fig. 2: RBS/channeling spectra in diamond
implanted with 400 keV 39K+ ions up
to 2.6xlO16/cm2. Aligned spectra
were taken along <001> axis.
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6 . 1 2 Analysis of Hydrogen in Nb/Cu Multilayers Using Ion Beams

S.Yamamoto, P.Goppelt-Langer, Y.Aoki, H.Takeshita, H.Naramoto
Department of Materials Development, JAERI/Takasaki

Introduction

In metallic multilayers composed of
transition elements like those of the Va
group of the periodic table, hydrogen atoms
are reasonably expected to play an important
role for relaxation of interface lattice strain.
H is easy to diffuse and to accommodate in
the matrix lattice interstitally up to a certain
level or the form of hydrides. Thus it is
needed to analyze the structure referring to
the matrix elements and hydrogen atoms.
These kinds of analyses can be performed by
using the binary interaction process of ions
with the atoms in solids.

In the present report, Nb/Cu layer system
are prepared for the above purpose using
evaporation technique under UHV
condition. Ion beam analysis based on elastic
scattering and resonant nuclear reactions of
MeV ions is employed which gives the
depth-dependent information of the relevant
elements with satisfying depth resolution.

Experiment

Nb/Cu multilayer samples were prepared
on 0C-AI2O3 substrates at ambient
temperature using the electron beam
evaporation technique under UHV
condition. During evaporation, the vacuum
in the growth chamber was kept to be
constant after a long term evaporation of Nb
so that the gettering of hydrogen by
deposited Nb on a chamber wall can be
operative. The thickness of each layer was
monitored with quartz oscillators. The
samples were transferred to an introduction
chamber after the growth, and the hydrogen
was introduced under Ar(H2) mixtures at

150°C without exposing sample to open air.
The hydrogen analysis was made under
vacuum after taking out samples to open air,
and it can be assumed that the hydrogen is in
balance within the deposited layers.

The layered region was analyzed using
two kinds of ion beams from 3 MV tandem
accelerator at TIARA facility in
JAERI/Takasaki. The thickness of Nb and
Cu layers of the multilayer were determined
by heavy ion Rutherford backscattering
spectrometry(HI-RBS) using 16 MeV I6O5+

ions[l]. The size of 16O5" ions beam was
about 0.6 mm in diameter and the beam
current was about 10 nA typically.
Backsacttered particles were detected by a
standard surface barrier detector placed 11
cm from the sample at 170°. Also the high
energy elastic recoil detection using 16 MeV
16O3+ ion was useful to survey the hydrogen
distribution roughly.

The hydrogen profiling of Nb/Cu
multilayers were accomplished by employing
'H(l:)N,aY)12C resonant nuclear
reactions(15N-NRA)[2]. The present nuclear
reactions have a narrow resonance with
width of about 2 keV at 6.385 MeV[3]. The
characteristic y-rays of 1H(15N,ay)12C
nuclear reaction were measured as a function
of the incident ion energy with 3" Nal(Tl)
detector[3]. Data points were taken in steps
of 10 to 20 keV. To avoid the loss of
hydrogen during the ion beam analysis, the
measurements were made with increasing
and decreasing incident energy of 15N ions.

Results and Discussion

Fig.l shows a typical HI-RBS spectrum
from a Nb/Cu multilayer on OC-AI2O3
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Fig.l HI-RBS spectra of Nb/Cu multilayer
sample.

16,substrate using 16 MeV 0 ions. In the
higher energyregion one can see four well
separated peaks coming from Nb layers with
thicknesses of 10,20,30 and 40 nm in this
order from the surface. The peaks in the
lower energy region are attributed to the
corresponding 20 nm Cu layers inserted
between Nb layers. In the Cu peaks, there
appears a complicated structure which is
caused by the contributions of Cu isotopes.
This demonstrates also good mass-resolution
of HI-RBS. In the analysis of multilayered
structures with many layers, this kind of
analytical technique will become more
important in the near future. The depth
resolution in this method is better (10 nm
FWHM) and a further improvement can be
accomplished by tilting a sample(3 nm
FWHM).

After the preparation of Nb/Cu multilayer
film as in Fig.l, was introduced. Fig.2 shows
the results of hydrogen profiling in those
samples by employing the resonant nuclear
resonant reactions, ^ (^N .ay^C . The
determination of the absolute hydrogen
concentration was made by referring to a
hydrogenated amorphous Si (with 14 at.%
H) on a Si crystal. The sharp peaking around
6.40 MeV is from adsorbed water at the
surface. The shape of the hydrogen
distribution corresponds well to the depth
distribution of Nb, which implies the
localization of hydrogen atoms in the Nb

6.6 6.8 7
Energy [MeV]

Fig.2 H concentration of Nb/Cu multilayer
using 15N-NRA.

layers.
Fig. 3 shows the dependence of hydrogen

concentration on the Nb layer thickness for
two kinds of samples, low-charge and high-
charge ones. In the low-charged samples,
there is not any thickness dependence on the
hydrogen concentration but in the high-
charged samples are recognized a linear
increase with Nb layer thickness followed by
a saturation behavior. In the low-charged
samples, the concentration of hydrogen
atoms is at the maximum as species which
occupy the interstitial positions. In the high-
charged samples, the hydrogen concentration
at thick layers goes beyond the a-phase limit.
These are assumed to be mixed state
between a-and P-phases. In thinNb
layers the transformation into a- orP-
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layer thickness.
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phases, or both can not be caused easily
because the both sides are constrained by Cu
layers.

In this report it was shown that a
combined ion beam technique like l3N-NRA
and HI-RBS was useful to obtain the depth-
sensitive information about introduced
hydrogen and substrate atoms by
distinguishing the contributions from all the
relevant elements.
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6 . 1 3 Depth Distribution Analysis of Hydrogen and Deuterium in Nickel
by ERDA
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S Yamamoto*, P.G.Langer*, H.Takeshita*, Y.Aoki* and H.Naramoto*
Department of Engineering, Himeji Institute of Technology

* Takasaki Radiation Chemistry Research Establishment, JAERI

1. Introduction

Hydrogen atom in nuclear reactor materials

plays an important role in the radiation

damage evolution via the embrittlement of

structural and pressure vessel alloys and the

formation of metal hydrides. As hydrogen

atom is a comparatively simple prototype of

reactive interstitial solutes in metals, it

provides information of basic processes and

properties of interactions between radiation

damages and solutes.

In the present study, depth distributions of

hydrogen and deuterium in polycrystalline

nickel which deuterium or helium ions were

implanted or irradiated, were analyzed by the

elastic recoil detection analysis (ERDA)

method.

2. Experimental

Polycrystalline nickel (99.7%) were cut

into specimens in the size of 1.0 cm x 1.0

cm x 0.02cm. The surface of the specimens

were polished by electrolysis method.

Deuterium ions or helium ions were

bombarded to the specimens. The energies

of deuterium and helium ions were selected

on the basis of calculations with a computer

simulation code, TRIM91. Two types of the

specimens were prepared; specimens

implanted only with deuterium ion and

specimens implanted with deuterium ions

after helium ion irradiation. Ion fluence were

varied in the range of 0.5 ~ 3 x 10!6cm'2

During ion irradiation, specimens were set
on a water-cooled target stage. Depth
distribution of helium and deuterium were
analyzed by ERDA using 16 MeV O16+ ions
as a probe, which were accelerated by a
Tandem accelerator of Japan Atomic Energy
Research Institute (JAERI). The incident
angle of the oxygen ion beam was 15 degree
to the surface of the specimens and recoiled
particles were detected at 30 degree by a
charged-particle detector placed at 30 cm
apart from the target. The detector was
preceded by a slit with 1 mm width and a
PET absorber with the thickness of 25 |J.m.
The beam intensity was about 24 nAand the
typical beam area was 1 mm in diameter.

3. Results and discussions

In Figure 1, an ERDA spectrum obtained

with a specimen implanted only with 35

keV/amu deuterium ions with the fluence of

3 x 1017/cm2 is shown. Figure 2 shows a

spectrum obtained with a specimen irradiated

with 70 keV/amu 3He ions with the fluence

of 3 x 1017/cm2 following 70 keV/amu

deuterium ion implantation with the fluence

of 3 x 10I7/cm2. In the both figures, are also

shown the calculated distributions of defects

and ions for comparison.

In the Fig. 1, the deuterium ion distribution

observed at about 0.7 Jim is much shallower
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and narrower, compared with the results by
the 1RIM91 calculation. A significant
amount of deuteriums at the surface are also
observed. The hydrogen atom distribution is
not flat It shows the peak at 0.24 p.m,
which is deeper than the peak of damage
distribution introduced during deuterium
implantation. In Fig. 2, the observed
deuterium distribution is nearly coincidence
with the calculation of damage distribution.
Similar results were observed in the other
specimens with different ion fluences.

In the present study, it was shown that
deuterium ions are more mobile at room
temperature in helium-non-implanted nickel
than in the helium-implanted nickel.
Provided that the introduced defects were
not so diffusive at room temperature,
radiation defects is only a weak trapping site
for the deuterium atom. The observed peaks
of hydrogen and deuterium atoms in Fig. 1
are probably understood as a result of
diffusion without defect trapping. Although
the peaks suggest that the radiation defects
may have some effects of trapping of
hydrogen and deuterium atoms, the effects
are not so remarkable because the
distribution peaks observed are not in
coincidence with TRIM code calculation.
The surface of the specimen seems to
provide rather preferable trapping site for the
deuterium atoms.

In helium implanted nickel, the deuterium
distribution shows similar coincidence with
damage distribution introduced by helium
irradiation. It has been reported that helium
bubbles is a strong trapping site for the
deuterium atom^. The void-like character of
helium bubbles seems to contribute to
trapping the deuterium, and the trapped

deuterium atom might be retained at room
temperature. The deuterium depth
distribution spectrum observed in the
present study confirms this effect. Further
analysis is under proceeding.

3SkeV D ion, 3x10 /cm2 to Ni

'0.3
Depth ((I)

Fig. 1 ERDA spectrum obtained from a

nickel polycrystal specimen implanted with 35

keV/amu deuterium ions with a fluence of 3 x

1017/cm2. Thin and thick lines ate ion and

damage distribution calculated by TRIM91,

respectively.

70keV 'He 3x10''/cm2

+ 70keV D 5x10' '/cm'to Ni

'0.2 0 . 3 ' 0 . 4
Depth 00

2 10
0.6(H)
0.7(D)

Fig. 2 ERDA spectrum obtained from nickel

polycrystal specimen implanted by 70 keV/amu

deuterium ions with a fluence of 5 x 1016/cm2

after 70 keV 3He ion irradiation with a fluence

of3xl017/cm2.
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6 . 1 4 Nuclear reaction analysis of carbon in C-ion irradiated
GaAs
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Introduction

Carbon is a promising p-type dopant in GaAs
based devices such as heterojunction bipolar
transistors mainly because of its low atomic
diffusivity in GaAs. High doping
concentrations can be obtained by low-
pressure metalorganic chemical vapor
deposition (MOCVD)[1J and ion-
implantation[2,3|. In C-ion implanted
samples[2j, however, doping efficiencies
generally ranged only from 2 to 8 %, which is
much lower than those of more conventional
p-type implants such as Zn or Cd
(approximately 100 % p-type activity can be
achieved in Zn- or Cd-implanted GaAs for
implantation doses of < 1014 cm-2 after 800 to
900 °C anneal). Therefore, the distribution of
carbon atoms in C-ion irradiated samples is
important for an evaluation of the low doping
efficiencies after annealing. Nuclear reaction
analysis (NRA) was used to obtain the
information of the carbon atoms in the C-ion
irradiated samples.

Experiment

Materials used in this study were undoped
(lOO)-oriented semi-insulating GaAs grown
by the Czochralski (PCZ) method. These
materials were n-type and contained EL2
defects at a concentration of ~1016 cm-3. 700
KeV 12C-ions were irradiated at about 300 K
using the 3MV-Tandem accelerator at Hosei
University. The carbon dose was 5 xlO16 cm2

which is a suitable dose to make a distinction
between the irradiated C and the surface
contamination of C. Rutherford backscattering
spectrometry (RBS) methods are not sensitive

to impurities with low atomic number, such as
carbon, because the backscattered yield from
such impurities is small, and it overlaps with
the larger signals from the Ga and As in the
substrate. Consequently, NRA was employed
in this study using the l2C(d, p)13C reaction
since the high energy product, a 3.1 MeV
proton, can be detected without interference
with the Ga and As signals. For the NRA
measurements, a beam of 1.3-MeV deuterium
ions with a current of ~3 nA, a net deuterium
dose of 1014 enr2 and a diameter of ~1 mm
was used. The NRA experiments were
performed using the 3MV-Tandem accelerator
at JAERI. In the NRA system a Mylar film of

thickness of ~7 um was located in front of
the proton detector to reduce the pile-up
caused by the backscattered deuterium ions.

Results and discussion

The spectrum for 1.3-MeV deutrium beam
incident along the <100> channel and at
random direction after C-ion irradiation shows
the variation of RBS yield ranging from the

surface to about 1 um (see Fig. 1), but no
amorhous layer was formed by the C-ion
irradiation. In a 600 °C annealed sample, the
alingned yield in the irradiated layer except for
the surface region was slightly lower as that
of as-irradiated sample, indicating the partial
recovery of the crystallinity due to annealing.

Figure 2 shows the nuclear reaction yield as
a function of channel number obtained from
the C-irradiated GaAs with the ion beam
aligned [ 100] direction. The net yield of the
random carbon signal is proportional to the
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Fig.l Backscattering <100> aligned and random

spectra for 5 x 1016 cm"2 C-ion irradiated GaAs
using 1.3 MeV D* ions as an incident beam.
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Fig.2 Nuclear reaction yield as a function of
energy ( shown as channel number) obtained
for an as-irradiated sample (5 x 1016cm"2 C)
using 1.3 MeV D+ ions as an incident l>eam.

total carbon concentration, which channel
numbers correspond to smaller depth below
the sample surface. The aligned spectrum of
the as-irradiated sample is identical to the
random spectrum, indicating that the irradiated
carbon ions are located in random lattice sites.

In a 400°C annealed sample (see Fig.3),
the nuclear reaction yield separates clearly two
peaks. This is due to the reconstruction of
carbon atoms in the irradiated layer.
Furthermore, the spectra of the NRA shift to
the surface in comparison with those of the
as-irradiated sample, indicating the migration
of the carbon atoms toward the surface. The
random spectrum observed here is similar to
the NRA measured in MOCVD C-doped
epilayers[4]. The irradiated carbon, therefore,
is distributed homogeneously in the irradiated
layer. However, we can see an important
difference between the random and aligned
spectra. In comparison between the aligned
and random yields, the aligned yield near the
interface between the irradiated layer and the
substrate decreases, indicating that the
irradiated carbon near the interface is located
at substitutional sites. On the other hand, the
aligned yields between channels ~475
and -485 increase in comparison with those
of the random yields. This suggest that a part
of the carbon atoms in this region is located at

interstitial lattice sites. In the surface region,
the lattice location of the carbon atoms were
not changed by annealing.

In a 600°C annealed sample, the aligned
and random spectra of NRA are similar to
those of the 400°C annealed sample (see
Fig.4). The carbon atoms also show a slight

c
3

Q

UJ

300

200

100

C: 5x1016 cm-a
400°C annealed

aligned to [100]
random

400 450 500

CHANNEL NUMBER
550

Fig.3 Nuclear reaction yield as a function of
energy (shown as channel number) obtained
for a 400QC annealed sample (5 x 1016cnr2 C)
using 1.3 MeV D+ ions as an incident beam.
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C: 5x101">cnvJ
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random

1.3MeV D
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CHANNEL NUMBER

550

Fig.4 Nuclear reaction yield as a function of
energy (shown as channel number) obtained for
a 600 °C annealed sample (5 x 1016cnr2 C)
using 1.3 MeV D+ ions as an incident beam.

shift toward the surface. Furthermore, the
NRA yields near channel 500 decrease in
comparison with those of the 400°C annealed

sample, suggesting carbon migration from the
surface region. The aligned yields from
channels -480 to -490 are also beyond the
random yields. It is suggested that the
interstitial fraction of carbon atoms increases
in tills region and the accumulated layer of
carbon such as clusters may be formed.

Further studies of NRA measurements in
the C-ion irradiated GaAs are required for the
establishment of the movement of carbon
atoms due to the annealing and the
confirmation of the reproducibly of the NRA
data.
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6 . 1 5 Study on Mineral Alteration
-Analysis of Initial Stages of Hydrothermal Alteration-

Toshihiko OHNUKI, Tsutomu SATO, Hiroshi ISOBE.
Shun-ya YAMAMOTO*, P. Goppelt-Langer*, Yasushi AOKI*.
Hiroshi NARAMOTO* and Takashi MURAKAMI**

Department of Environmental Safety Research, JAERI,
* Department of, JAERI,
**Faculty of Science, University of Tokyo

Introduction shape of secondary minerals and constituents
Migration of radionuclides through geological of solution.
media must be studied to estimate the impact Experimental
of radioactive waste disposal. Radionuclides

are sorbed on minerals and/or clay minerals in The mineral used was single crystal of albite
geological media during the migration, so that (NaAlSi3O3). A albite was contacted with 9

sorption studies have been carried out by many ml of the 0.01 M CH3COOU solution in tefron

research scientists. Minerals and clay minerals tube, subsequently the suspension was heated

are altered to secondary minerals by water-rock for between 3 and 150 days at 90 - 210°C under

interactions. This suggests that the sorption a vapor pressure of the solution. The solid to

characteristics of radionuclides on the surface solution ratio was prepared to be 1 (cm2): 30
of minerals and clay minerals may be changed (ml).
during the alteration processes. The minerals occurred were examined by X-

Feldspar, one of the minerals contained in ray diffraction analysis (XRD). The shape of

granite which is the candidate for the host rock the surface of the altered product and the

of high level waste disposal repositry, is easy occurred minerals were observed by scanning

to react with groundwater, and alters to form electron microscopy (SEM). The elements

secondary minerals. Thus, change in sorption contained in thethe atered product and the depth

characteristics feldspar during alteration should profile of concentration of Na and Si were

be clarified. determined by energy dispersive X-ray
The study on the alteration of feldspar is not analysis (EDX). Depth profiles of hydrogen

a new field. But it has been just the last twenty from the surface was measured by resonant
years that directly study on minerals surfaces, nuclear reaction analysis (RNRA), in which y

fluids near surfaces, and the solid-fluid interface ray generated in the nuclear reaction of ' H ^ N ,

have been developed. In this report, ay)12C was detected,
hydrothermal experiments of albite, one of the pH and the concentrations of the dissolved

end menbers of feldspar, have been carried out, Na, Al and Si were measured by inductively

then the dissolution process, mechanism and coupled plasma atomic emission spectroscopy
rates of alteration of albite has been examined (ICPAES).
based on the observed minerals on surface,
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Results and discussion obtained at 150°C for 7 days.
The concentrations of Na and Si in the

pH of the solution was kept at 4.56 during the solution were plotted at the gibbsite or boehmite
hydrothermal experiments. SEM observations region in the activity diagram. The Na/Si
show that etch pits appeared on the surface of concentration ratio in the solution was high at
the reactant obtained at both 150 and 210°C. the initial stage of dissolution of albite, then
The width and depth in the etch pits increased decreased to 1/3 with time. The concentration
with time. And more than three different of Al was very low. This is caused by formation
alminium minrerals ( 0.2 - 1 |im in size) were of the alminium containing secondary minerals
occured. While any etch pit was observed on at the surface of the altered product,
the reactant obtained at 90°C. These results show that the ion-exchange

The depth profile of Na/Si ratio near surface reaction of H+ for Na+ in albite are dominant at
region of the altered product obtained by SEM- the initial stage of the alteration, and then
EDX (Fig. 1) indicatse that Na/Si ratio was less congruent dissolution which starts at dislocated
than 1/3 at the surface of the altered product region is dominated,
obtained at 150°C for 3 days. And Na/Si ratio u"
decreased with time, then reached to 0.2 after 035

90 days. The position where Na/Si ratio was
less than 1/3 was proceeded to deeper directions °-3

with time. For instance the position wheres
ra 0.25

Na/Si ratio was 0.3 was shifted from 0 for 3

day to 3 }im for 90 days. By the RNRA, 0.2

enrichment of hydrogen was not observed in the

altered product obtained at 90 °C for 7 days (Fig. °'15

2). And the enrichment of hydrogen was

observed until 1 Jim in the altered product
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6 . 1 6 Ion Beams Irradiation Experiments Combined with
Positron Spectroscopy

Sohei Okada, Masayuki Hasegawa*, Atsuo Kawasuso, Shin-ichi Masuno,
Makoto Tabata* and Masashi Suezawa*
Advanced Radiation Technology Center, JAERI
institute for Materials Research, Tohoku University

Introduction

We have performed three sorts of ion
beams irradiation experiments combined with
positron spectroscopy:
1) internal positron source technique,
2) slow positron source production,
3) ion-induced defect analysis with a slow

positron beam.
Substantial experiments have just started after
a recent permission of the authorities for the
use of positron emitters. Here are reported
some results of the preliminary studies.

Internal positron source technique

It is possible to produce a positron emitter
22Na inside silicon from a nuclear reaction
28Si(p,7Be)22Na with a proton bombard-
ment. This internal positron source enables
thermal defect studies by using positron
lifetime measurement at high temperature
where usual positron sources would be melt
down.

In Fig.l are shown positron lifetime
spectra of a high-purity FZ-silicon irradiated
by 70 MeV proton from the TIARA AVF
cyclotron. The fluence was 2.5 X 10i7cm-2.
The lifetime measurement was carried out at
room temperature. The spectrum (a) is for the
sample as irradiated. It is resolved into three
components: r ! = 170ps(/i=59.4%), r 2=

284ps(/2=39.0%) and X 3=1.73ns(/3=1.6%),
where T and / are the lifetime and the
intensity, respectively. The value of r 3 is
too large for that corresponding to defects in
silicon. When the irradiated specimen was
sandwiched between two unirradiated ones,

this component disappeared as shown in the
spectrum (b). Consequently, this small
amount of extra component is assumed to
come from positrons emitted from the vicinity
of the surface of the irradiated specimen into
air and/or surrounding materials like a
detector. This is an important fact which we
must pay attention in use of the internal
positron source technique.

The value of r 2 indicates that the vacancy
clusters were induced by the irradiation,
which survive even at room temperature. We
will further investigate the detail of the
clusters with elevating the temperature and
also the behavior of thermal defects at much
higher temperatures.

iou

,-2•S 10'

a io"3

5 TO"4

10',-5

100 200 300 400
Channel Number

Fig.l Positron lifetime spectra of a high-purity
FZ silicon irradiated by 70 MeV proton,
which were measured by using the
internal positron source technique.

Slow positron source production

It was calculated with the IRAC code that a
8/iA"h bombardment of 70 MeV proton
onto an iron target produces a positron emitter
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56Co of more than 90MBq in activity inside
the target by a nuclear reaction 56Fe(p,n)
56Co. Since iron has a negative surface work
function for positrons, it is expected that a
part of thermalized positrons inside the target
are emitted from the surface as slow-
positrons. Therefore, the proton irradiation
has a possibility to produce a slow positron
source, where the target itself works as a
positron moderator.

We have confirmed by a preliminary
experiment with a reduced proton current
using small test pieces that the positron
emitter of an amount coinciding with the
calculation will be available. We also tried the
70 MeV proton irradiation onto a honeycomb-
shaped iron target of 20(W)X35(H)X25(D)
mm in size, which has a wide surface area for
the slow positron emission. It was found that
the proton current was limited to be up to 200
nA when a single side cooling by water was
applied. We will investigate the cooling
technique and try to detect slow positrons
from the target in future works.

Ion-induced defect analysis with a slow
positron beam

It is important to analyze defect formation
along an ion beam path in application of MeV
ion implantation. Doppler broadening
measurement using a slow positron beam is
one of the powerful means for the analysis.

We tried the depth profiling of vacancies in
a silicon single crystal induced by 1 MeV O1+

implantation, by using the TIARA 3MV
Tandem accelerator and a slow positron beam
in Tokai laboratory. The amount of the ion
was 1015, and the irradiation area was 5mm

X 5mm. The result is shown in Fig.2. The S-
parameter increases with the positron
injection energy, which indicates that
vacancy-type defects were produced along the
ion beam path. However, a quantitative depth
profiling was not successful because the
positron beam of more than 9 keV, whose

beam size was about 5mm 4>, deviated from

the irradiation area.
We have been engaged in constructing a

stable slow positron beam. The positron
source was received at the end of March in
1995. We will restart the defect study after a
renewal of the shielding part.

0.52
5 10 15

Positron Injection Energy (keV)

Fig.2 S-parameters of annihilation radiation
for a silicon irradiated by 1 MeV oxygen
ion beam.
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6 . 1 7 Observation of the initial stage of laser ablation

A.Miyashita, T.Ohyanagi*, O.Yoda and K.Murakami*
Department of Materials Development, JAERI Takasaki
•institute of Materials Science, University of Tsukuba

The laser ablation is recognized to be well
suited for formation of new materials such as
carbon clusters12'. It is important to
understand the mechanism of cluster
formation. We have investigated properties
of the initial stage of laser ablated carbon
particles with limc-rcsolvcd X-ray
absorption spectroscopy using laser
produced plasma X-rays (LPX) as an X-ray
source.

Figure 1 shows a schematic drawing of
our spectrometer. A 20.1 Q-switchcd
Nd:YAG/glass laser which is frequency-
doubled with the use of a second harmonics
generator (SHG) is used to generate soft X-
rays. The power of X-ray generation laser
(wavclcnglh:532nni) per pulse is 7J and
FWHM of pulse is 12ns. A part of the
fundamental wave is frequency-doubled with
another SHG, and the SHG generates U,
532nm sample irradiation laser beam. This
beam can be over again frequency-doubled
with a FHG (4-lh harmonics generator), and
the FHG generates lOOmJ, 266nm beam.
We also use a 450mJ, Q-switchcd Nd:YAG
laser for sample irradiation. The FWHM of
sample irradiation laser pulse is 8ns. The X-
ray probing delay time between sample
irradiation and X-ray source generation laser
pulses can be controlled electrically, so we
can observe laser ablation characteristics up
to lms after sample irradiation.

The X-ray generation laser beam is
focused on the target at 100|.un in diameter,
in this case, irradiancc reaches as high as
7x 1012W/em\ and hot and dense plasma on
the target generates soft X-rays. A toroidal
mirrors arc used to collect and converge X-
rays on the sample. X-ray probe sixc at the
sample position is about 0.1mm high and
0.5mm wide. The probing X-rays pass
through the ablation plume which is

0.0
Z60 270 280 290 300

Energy feV]
310

HO.2. X-ray absorption spectra near K-cdge
of the laser ablated carbon particles. The
wavelength of the irradiation laser is 532nm,
the energy density is 20J/cm", and the
probing delay time after sample irradiation
is 120ns.

sample irradiation laser

Jens

ample chamber
X-ray generation laser

Analysis chamber

Target chamber

FIG.l. Schematic drawing of the time-resolved X-ray absorption spectroscopy apparatus.
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generated by laser irradiation. The X-ray
probing position is adjusted by the sample
surface. We have decided the probing
position at which half X-rays are blocked by
sample to be 0. In the analysis chamber, a
grazing incident flat field grating is used as
energy analyzer. The energy resolutions of
our spectrometer arc 0.8cV and 2.0eV in
energy ranges of 100~200eV and
200~500eV, respectively3'.

Figure 2 shows X-ray absorption spectra
near K-edge of laser ablated carbon particles.
Delay limes between laser irradiation and X-
ray probing is 120ns. The spectra exhibit
several absorption peaks. The absorption
peaks, 28leV, 284eV, 288eV and 293.5eV
arc originated from C" ion, neutral carbon
atom (C°), C+ and C2+ ions, respectively"4'.
We have measured time and space
distribution of the laser ablated carbon
particles in order to decide the speed of
ablated particles. Figure 3 shows the time
distribution of ablated carbon particles near
the sample surface. C2+ ions are emitted from
the sample surface during the laser irradiates
the sample. On the other hand, lowly ionized
(C", C+) and neutral (C°) carbon particles arc
emitted from the sample surface even after
laser irradiation. This suggests that lowly
ionized or neutral" carbon is emitted from the
sample by the heating effect of the irradiation
laser, and highly ionized carbon is produced
by direct laser excitation.

Figure 4 shows the spatial distribution of
the absoiption peak height originated from
the ls-»2p transition of ablated carbon
particles. The absorption peak of C2+ ions is

1.0
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J10.6
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50.2

0.0

yrf

A
—»™ Cz>

......

20 40 60 80
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100 120

F1G.3 Time distribution of the ablated
carbon particles near the sample surface.
The laser wavelength is 266nm, energy
density is 5J/cm2, and the probing position
is 0.2mm.
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F1G.4 Spatial distribution of the ablation peak
height. The irradiation parameters are the
same as figure 1.

observed more than 2mm from the surface.
The C+ ions can be observed more than
1.5mm where neutral carbon cannot be
observed any more. The absorption peak of
C" decreases rapidly as the distance from the
sample surface increases. Therefore, at the
initial stage of laser ablation, the speed of
C2+ ion is more than 1.8xl06cm/s. The
speed of neutral carbon is less than
1.2xl()6cm/s, and C+ ion has a medium
speed between former two. These suggest
thai acceleration of laser ablated particles is
caused by two effects. One is a
hydrodynamic expansion from the sample
surface to vacuum. This effect gives kinetic
energies to neutral atoms and ions
cquivalcnlly. The other is a Coulomb
acceleration effect by the transient electric
field made by the irradiation laser. This
effect accelerates charged particles in
proportion to the ionization level.

The unknown absorption peak, at 286eV
is observed close to the sample surface with

0.6

E

c
o

0.4 -

2-0.2 -
o

6 No
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1
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FIG.5 Time dependence of the ls-»Jt*
transition peak height. The wavelength of
the irradiation laser is 1064nm, and the
energy density is 3.1/cnr.
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FIG.6 X-ray absorption spectra at 180ns and
880ns delay times probing positions are
0.2mm and 3mm.

delay limes up to 120ns. This peak is not
originated from the ls-^2p transition of the
single atom and ions. With low energy
density of the irradiation laser, it is a
dominant absorption peak. We observed this
peak at long delay times using two
electrically synchronized lasers to determine
whether this peak is originated from the
surface localized particles or slow particles.
Figure 5 shows the time dependence of the
absorption peak height at 286eV. The peak is
observed even when the probing position is
distant from the surface. This points out that
the 286cV absorption peak is originated from
slow particles and the mean speed of the
particles is estimated to bc4.8xl0scm/s from
the delay lime of the absoiption maximum.
The speed of the ablation particle is about
one half of that of the neutral carbon atom.
Figure 6 shows X-ray absorption spectra at
the 0.2mm and 3mm probing positions, with
corresponding delay times of 180 and 880ns,
respectively. The shapes of the absorption
spectra are identical irrespective of the delay
lime. It is similar to the X-ray absorption
spectrum of C2 which is emitted from C60

S)

after laser irradiation. Figure 7 shows C2

absorption spectrum emitted from laser
irradiated C60. This spectrum has ls-»n;*
transition peak at 286cV. Therefore, it is
suggested that the absorption peak of the
ablated slow particle at 286eV is originated
from the Is—»JC* transition of as C2.

o.o 280 300
Energy [eV]

FIG.7. X-ray absorption spectra of G, from Qo.
The irradiation laser energy density is
0.5J/cnr.
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6 . 1 8 Pulsed Laser Ablation of Silicon :
Observation of particles emitted from Si surface and
sputtering phenomena induced by laser-ablated particles

T. Ohynnngi, A. Miyashita^ K. Murakami and 0. Yoda*
Inst. of Materials Science, University of Tsukuba,
f JAERI Takasaki, Functional Material Lab. 11

1.Introduction

Soft X-ray absorption spectroscopy is a pow-
erful technique for the observation of laser-
ablated particles. Since X-ray absorption spec-
troscopy can detect all emitted particles irrele-
vant to their electronic states, whereas popular
techniques such as luminescence spectroscopy
and time-of-flight (TOF) spectroscopy mea-
sure only limited particles: luminescence spec-
troscopy detects excited states of particles and
TOF spectroscopy detects particles long after
the laser irradiation. We have used laser pro-
duced plasma X-rays (LPX) as an X-ray source.
LPX is a. pulsed X-ray source and thereby time-
resolved measurements can be performed.

This paper reports tiinc-rcsolved measure-
ments of laser-ablated particles emitted from
the surface of the sample at very early times
and an observation of sputtering phenomena
induced by laser-ablated particles.

2.Time-resolved measurements of laser-
ablated particles

Figures L shows the time-variation of the
X-ray absorption by laser ablated Si particles
emitted from the surface of the sample. The
ablation-laser energy densities are 7J/cm2 and
15J/cm2, respectively. These figures are de-
picted by taking the pea,k heights of the ab-
sorption peaks which are considered to have the
largest X-ray absorption cross section of all the
peaks of each species (neutral Si atom (Si0) and
Si ions with charges of +.1 up to +4). Since X-
ray absorption cross sections are different for
each species, these figures are normalized so as
the maximum value of the peak height to be
unity.

At an energy density of 15.1/cm2, highly

charged particles such as Si4+ are observed only
during laser irradiation (< 20 ns), whereas Si2+

and Si+ are observed at 120 ns. Moreover, Si0

are not observed at this energy density within
120 ns. It is generally considered that evapo-
ration in the thermal equilibrium occurs after
laser irradiation, but above findings show evap-
oration occurs in the non-thermal equilibrium.
At an energy density of 7J/cm2, Si'1+ are not
observed, whereas Si0 are observed. The differ-
ence between two energy densities comes from
the temperature of the surface: the surface
temperature at 15,1/cm2 is higher than that at
7J/cin2. The surface temperature is very high
just after laser irradiation, but the temperature
decreases with time. At higher temperature, Si
ions are considered to be much excited ther-
mally. Consequently, highly charged ions such
as Si3"1" and Si2+ are produced. After the sur-
face temperature decreases, low charged parti-
cles arc predominant. Therefore, at an energy
density of 15J/cm2, Si0 must be observed much
later than 120 us.

3.Sputtering phenomena
laser-ablated particles

induced by

We performed X-ray absorption measure-
ments of laser-ablated Si particles with an Al
plate which is placed just above the sample sur-
face, as shown in Fig. 2. Typical results are
shown in Fig. 3. The spectra, in Fig. 3 were
measured at an ablation-laser energy density
of 5 J/cm2 with 1064 nm laser at various delay
times. The measured positions of Figs. 3(a)
and 3(b) are 0 mm and 0.6 mm above the
sample surface, respectively. In Fig. 3(a), al-
most all (he absorption peaks are due to Si0,
Si+, and Si2+, but some unknown peaks are
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also observed from SO cV to 90 eV. Moreover,
in Fig. 3(b), tliorc are aiiollier two absorption
peaks at 119.4 eV and 121.-1 eV, which are in-
dicated by arrows in the figure. We performed
measurements for laser-ablated Al particles,a.s
shown in Fig. <1, because these unknown peaks
may be due to Al particles. The results indi-
ca.tc that unknown peaks in Fig. 3 come from
Al atom and ions which are ejected from the Al
plate surface by collisions with high-velocity Si
particles. Therefore, it has been found that
laser-ablated Si particles can sputter Al ell'cc-
tivcly.

4.Conclusions
The time-resolved X-ray absorption mea-

surements of laser-ablated Si particles emitted
from the Si surface has been performed. At. an
energy density of 15 -I/cm2, neutral Si atoms
(Si") have not been observed within 120 us,
whereas they arc observed al an energy den-
sity of 7 J/cui2 . These results are considered
to come from the difference in the temperature
of the surface.

Moreover, we have observed sputtering phe-
nomena, induced by laser-ablated Si particles.
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Fig. 1. Time-variation of X-ray absorption
of laser-ablated Si particles.
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Fig. 2. Schematic diagram of arrangement, of
samples with respect to the X-ray beam.
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6 . 1 9 Real Time RHEED Observation during Carbon
Thin Film Growth by Ion Beam Deposition

Hideki OHNO*, Yasushi AOKI and Siro NAGAI

Takasaki Radiation Chemistry Research Establishment, JAERI
*Department of Physics, Meisei University

INTRODUCTION

Ion beam deposition (IBD) is a direct

method of producing thin films on substrates

using low-energy ion beams in an ultra high

vacuum (UHV). The use of this technique

in thin film growth is attractive in the

fabrication of advanced materials0' (i.e. low

temperature semiconductor epitaxial growth

and growth of metastable materials like a

diamond). IBD of diamond (-like) films has

been studied since 1971<2>. The possibility

of obtaining diamond (-like) thin film opened

up a wide field for their application for

electronic device. In the IBD, the ion energy

is the primary parameter that influences the

structure of grown carbon films, cither of

metastablc phase (diamond) or stable phase

(graphite). The fluenccof ion beam is another

important parameter. This report describes

the effects of these parameters on the crystal

stricture of films, investigated by means of

real time reflection high energy electron

diffraction (RHEED).

EXPERIMENT

The low energy ion beam deposition

apparatus used in this study has been

described in detail elsewhere'3'. The

arrangement of the real time RHEED

experiment is schematically shown in figure

1. The high-energy electron beam is incident

upon a sample at a glancing angle, and

produces diffraction patterns, RHEED

patterns,on afiuorescentscreen. The RHEED

patterns on the screen are photographed by a

CCD -camera controlled by a computer.

A Si(lll) sample cut into a 2 x 2

cm2 in size was, before being loaded into the

target chamber, chemically etched in HF

solution. After mounted on the sample holder,

the sample was cleaned by heating at about

500 °C for 5 hours, followed by at 800 °C

for about 5 minutes in a vacuum of about

10"9 Torr. The incident C+ ions employed

were either 10 eV or 100 eV in energy, about

2 pA/cm2 in current density and about 5 mm

in diameter as measured by means of a

Faraday cup. The pressure in the target

chamber was about 10'9 Torr during the

deposition. All of the RHEED patterns were

obtained by using a 25 keV electron beam.

The cross section of the beam is about 100

in diameter.
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RESULTS AND DISCUSSION

Photographs 1 ~ 4 in figure 2 are the

RHEED patterns observed for the case of 10

cV C" ion deposition. The pattern of

Photograph 1 which is obtained at room

temperature before deposition corresponds to

Si(lll) lxl structure, and the pattern at

fluence of 1015 ions/cm2 (Photograph 3)

suggests the existence of two kinds of

structure; Si with interatomic distance

3.71±0.05 A and SiC of epitaxially grown

cubic phase with interatomic distance

4.60+0.38 A. The deviation of the

experimental value from the standard lattice

constant (i.e. a = 4.3597 A) for SiC may be

due to the growth of SiC(lOO) plane on the

Si(lll) plane. The pattern of Photograph 4

observed at 1017 ions/cm2 includes weak ring

patterns which suggest polycrystallization of

film. The interatomic distance calculated

from the radius of the ring pattern is2.40 ±0.06

A. This value agrees well with the lattice

constant of graphite (i.e. a = 2.456 A).

The RHEED patterns observed during

100 eV C+ ion deposition were different from

those for 10 eV. The initial pattern due to

Si(lll) lxl structure changed to a diffuse

pattern corresponding to amorphous phase

at fluence of 1015 ~ 1016 ions/cm2. The

formation of amorphous phase is probably

due to implantation effect by incident ions.

The pattern atfluenceof 1017ions/cm2 showed

recrystallization which suggests hetcro-

epitaxial film growth leading to the diamond

(-like) film. The final pattern (Photograph

5 in figure 3) observed at 1018 ions/cm2

consists of streaks, which indicates that the

surface of the grown film is uniform. The

interatomic distance calculated for this

pattern (i.e. about 3.7 A) is near that of

diamond structure of carbon (i.e. 3.567 A).

SUMMARY

The real time RHEED observation

during film growth by ion beam deposition

has been successful for the first time. The

structure of carbon film by C+ ion deposition

depends on the energy and the fluence. The

results of AES(4) and RHEED experiments

summarized as follows. At 10 eV incident

energy, an initial cubic-SiC film (1016

ions/cm2) grows finally to a graphitic film

(1017). At 100 eV.an initial SiC film (1015)

in amorphous phase grows finally to a

diamond (-like) film (1017~1018) in crystalline

phase.
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Fig. 1 Schematic diagram for real time RHEED measurement.

(2)
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Fig. 2 Change of RHEED patterns during 10 eV C+ ion beam

deposition. C+ fluences: (1) 0; original, (2) lxlO15, (3)

lxlO16, (4) lxlO17 (ions/cm2).

Fig. 3 RHEED pattern of the carbon thin film after 100 eV C+

ion beam deposition at fluence of 1018 ions/cm2.
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7 . 1 Synthesis and Biodistribution of Rhenium-186 Labeled HEDP

N. Shigeta, H. Matsuoka, T. Sekine, A. Osa, M. Koizumi, K. Kobayashi
S. Motoishi, K. Tomiyoshi*, N. Oriuchi , N. Watanabe*, K. Endo and
R. M. Lambrccht
Department of Radioisotopes, JAERI, *School of Medicine, University of
Gunma and **Department of Chemistry, University of Wollongong

Rhenium-186 is a p-emitting radionuclide
with a maximum j3 -emission of 1.07 MeV. It
has a 9% abundant y -ray of 137 keV which is
suitable for imaging. The physical half-life of
90.64 h makes it a candidate for use as a bone
pain palliation agent, such as 186Re-HEDP ( 1 -
hydroxyethylidene-l,l-diphosphonate) and
186Re-MDP (methylenediphosphonate), and as
radioimmunotherapeutic Pharmaceuticals, which
are monoclonal antibodies labelled with 186Re.

186Re can be produced in the 185Re(n,y)186Re
reaction with a nuclear reactor, meanwhile the
present authors have succeeded in the production
of 186Re by the 186W(p,n)186Re reaction with a
proton beam from a cyclotron [1]. We may say
that no-carrier-added 186Re produced with
cyclotron is superior to a reactor-produced
product for labelling monoclonal antibodies,
although the specific activity is not worry for the
bone pain palliation agent; we do not claim that
the cyclotron-produced product is carrier-free,

since the stable 185Re isotope is probably
produced by the 186W(p,2n)185Re reaction
accompanying the 186W(p,n)185Re reaction at a
certain range of proton energies.

This paper reports experimental results on the
synthesis of 186Re-HEDP with both of
cyclotron-produced and reactor-produced 186Re.
In addition, an image of 186Re-HEDP in a rat
and a biodistribution of 186Re-HEDP in a mouse
are given with reactor-produced 186Re.

The method of preparation of 186Re-HEDP
followed that reported by de Klerk et al..[2], in
which 186Re-HEDP was formed by reduction of
186Re-perrhenate in the presence of SnCl2. Prior
to synthesis of 186Re-HEDP, an HEDP kit was
prepared in a way as shown in Fig. 1 with a
few modifications of that prescribed by de Klerk
et al. The preparation of the HEDP kit was done
in an atmosphere of inactive gas and each of the
lyophilized mixtures was sealed in a vacuum. The

resulting HEDP kit contained typically 10 mg of
HEDP, 3.85 mg of SnCl2-2H2O and 3 mg of
gentisic acid.

The radiochemical yield of 186Re-HEDP was
determined by thin layer chromatography. With
two-dimensional development using acetone as
the first solvent and 0.9%(w/v) saline as the
second solvent, 186Re-HEDP, free perrhenateand
reduced hydrolysed rhenium (186ReO^) were
separated. The 186Re radioactivity of each of the
components was counted by radioluminography.

The 186Re samples used were solutions of
ReO4~ in saline for cyclotron-produced 186Re
and in water for reactor-produced Re. The
radioactivity concentrations were 0.25 MBq/m{
for cyclotron-produced 186Re and 0.38 GBq/m«
for reactor-produced 186Re. 1 m« of the 186Re
solutions was mixed with the foregoing HEDP kit
and heated at 98 °C for 10 min. The
radiochemical yield of 186Re-HEDP was found
to depend on pH, in particular for the cyclotron-
produced 186Re. The radiochemical yield more
than 95% was obtained at pH 1.2.

To study the influence of the pH of the
reaction mixtures on the percentage of 186Re-
HEDP, the pH was changed to 2, 4, 5, 6, 7 and
8 by addition of 0.1M CH3COONa, after the

50 \il of 60% HEDP solution

10.4 mg of gentisic acid

2 m£ of purified water —

Dissolution

9 vat of 0.1M HC1 contain-
ing 11.57 mg of SnCl2

Division into three «irts

Lyophilization

Kept in the dark at 2 - 8 °C

Fig.l Preparation of the HEDP kit for
synthesizing 186Re-HEDP
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20
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8

Fig.2 The percentage^ 186Re-HEDP at pH
change after the synthesis at pH 1.2;
squares and black circles are for the
reactor-produced and for the cyclotron-
produced 186Re, respectively,

synthesis at pH 1.2. The results are shown in Fig.
2. The reactor-produced 186Re-HEDP was little
affected by the pH change, but the cyclotron-
produced 186Re-HEDP decreased its percentage
at pH higher than 5.

The pH of the 186Re-HEDP to be injected to
animals were adjusted to 4 by addition of 0.1M
CH3COONa. Since the cyclotron-produced
186Re-HEDP was unstable at the pH range of
saline, an image and a biodistribution of 186Re-
HEDP were obtained with the reactor-produced
186Re. The 186Re-HEDP was injected into the
tail vein of rats and mice.

The images of the 186Re radioactivity in a rat

R- BL

• 0.3 hr
B3hr
B 12 hr
• 24hr

\ 1 I H-

Fig.3 An image of the 186Re radioactivity
in a normal rat at 3 hr after

blood kidney stomach lung bone
liver intestine spleen muscle

Organ

Fig.4 A biodistribution of the 186Re radio-
activity in normal mice into which
186Re-HEDP was injected.

were recorded with a gamma camera in 5-min
counting at 0.5 hr, 1 hr and 3 hr after injection;
the image at 3 hr after injection is shown in
Fig.3. The mice were slaughtered at 0.5 hr, 3 hr,
24 hr and 48 hr after injection. Samples of
different organs were weighed and counted in a
well-type gamma counter to calculate the
resident radioactivity in each of organs. The
results of the biodistribution, expressed as %
injected activity per gram of tissue, are
summarized in Fig.4. The highest activity was
found in the bones and the stomach. The resident
activities in the bones were 15.09% at 3 hr and
12.02% at 24 hr. The activities in the stomach
were 1.83% at 3 hr and 0.33% at 24 hr after
injection.

This work is a part of the study on rhenium
isotopes carried out by the Isotope-Production
and Labelling Working group in the Research
Committee on Isotopes organized by Japan
Atomic Energy Research Institute.
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7 . 2 125,Identification of the New Isotope Pr and y-ray Spectroscopy
of the Decay of 126Pr

Akihiko OSA, Masato ASAI*, Mitsuo Koizumi, Toshiaki SEKINE,
Yasuaki KOJIMA*, Hiroshi YAMAMOTO* and Kiyoshi KAWADE*
Department of Radioisotopes, JAERI and School of Engineering,
Nagoya University

1. INTRODUCTION

The Xe-Ba-Ce isotopes in a transitional region
of nuclear deformation have been a subject of
experimental and theoretical investigations.
Experimental infonnation has been acquired for
the Xe isotopes in the broad range of the major
shell and for the Ba isotopes over the neutron
midshell (N=66) by means of in-bcam and decay
spectroscopy, and collinear laser spectroscopy. It
is of interest to see if the strong systematic
behavior which was reported [1] for the Xe and
Ba nuclei is continued for Ce. Some irregularities
observed for the Ba nuclei around the neutron
midshell [2,3] should be checked experimentally
also for Ce.

The most recently reported experiments
10*7

constructed the level schemes of Ce69 [4, 5]
for the lightest odd-A Cc isotopes, and identified
the rotational bands with the side bands of
128Cc70 [6] for the lightest even-/! Ce isotopes;
for I24Ce66 [7] and 126Ce68 [8, 9] the ground
bands were known. The present work aims at
extending the low-lying level systematics of Ce
isotopes toward a more unstable region by
studying the p+ decay of Pr isotopes using the
TIARA-ISOL [5] connected to an AVF cyclotron
at the Takasaki site of JAERI. .

2. EXPERIMENT

The radioactivies of 125Pr and 12 Pr were
produced with a Mo-enriched mettalic-foil
target bombarded by a 5.4-MeV/u Ar beam.
The experimental apparatus and techniques used
were described elsewhere [5]. It should be
pointed out that the beam intensity was increased
up to 0.2 particle uA on the average. Reaction

products were ionized and mass-separated as
metallic ion and monoxide ion; from a monoxide-
ion beam the Ba isobar was removed to increase
the sensitivity of the detection of the Cc KaX-ray
obscured by the Cs KnX-ray associated with the
decay of the Ba isobar, while from a metallic-ion
beam the La and Ce isobars were much reduced
to enhance the signal/noise ratio in y-ray spectra
for the measurement of the decay of Pr nuclei
[5]. y-singles, j3-gated 7 and y-y coincidence
measurements were performed.

3. RESULTS AND DISCUSSION

3.1 Decay of the new isotope 125Pr

In the metallic ion beam with mass 125,
a 135.76(5)-keV y-ray with a half-life of
3.3(7) s was observed, as shown in Fig.l.
The assignment of this y-ray to the decay of
125Pr was supported by its coincidence with
Ce X-rays and P+ rays, and additionally by
the fact that the same Y"rav was not observed
in the monoxide-ion beam, in which the La
and Ce isobars were more preferentially
contained than the Pr isotope, as described in
section 2. Another two yrays were identified
from the coincidence data. A decay scheme
of 125Pr was constructed, as shown in Fig.2,
from the y-ray intensities. The 146.1(5)- and
180.2(7)-keV transitions seem as members of
the 5/2+ band for 125Ce reported in ref.[10].

3.2 Decay of 126Pr

In the metallic-ion beam with mass 126,
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Fig.2 The proposed decay
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three prominent y-rays ascribable to the
transitions in the126Ce ground band [8] were
observed. The half-life of 3.14(22) s
determined for the 349.54-keV y-ray w a s in
good agreement with the reported values of
3.2(6) s [11] and 3.0(4) [9] for 126Pr. The
energies and relative intensities of the y-rays
are summarized in Table 1. From the data
and the y-y coincidence relationships, the
decay scheme of 126Pr was constructed, as
shown in Fig.3.

Assignment of the 954.2-keV level as the
2+

2 band head for the y band is reasonable
for a nucleus in this region. This assignment
is supported by the presence of other
probable members of a y band with spin
parities of 3+ and 4+. The excitation energy
of levels of the y band shows a continuation
of the systematical trend of Ce isotopes [6].
Although the experimental 2+

2-level energy,
which lowers with decreasing neutron
number until 132Ce, and then increases
slowly, jumps higher considerably at Ce,
this trend is in good agreement with the
prediction of the interacting boson model 2

(IBM-2) [1]. The branching ratio
5(E2;2+

2^0+
1)/5(E2;2+

2-^2+,) found to be
0.24(8) (E2/M1 ratio 62=15.7 was assumed
from the IBM-2 calculation) is also in good
agreement with the IBM-2 prediction [1].
When the low-lying level structure of 126Ce
obtained is compared with that of 122Ba[12],
the pair of these nuclei with the same boson
number 11 is a good candidate for F spin

128, 124Tmultiplets like the pair (1/8Ce, U4Ba)
suggested by Lu et ah [6].

This study will continue with the TIARA-
ISOL facility, employing another
experimental techniques of conversion
electron and y-y angular correlation
measurements.
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Table 1
y-rays associated with the
decay of 126Pr

Energy

(keV)

Relative

intensity

169.59(3)
349.54(5)

496.0(1)

785.1(5)

818.1(2)

954.2(4)

985.1(4)

100(6)
72(4)

27.7(19)

6.8(14)

6.1(9)

4.1(7)

8.3(12)

1337.2

(3*) 1154

(2+)
^"X 818.1

954,2_\ (6.1)

T1/2 = 3.14(22)s

q
CD

% 1015.1

519.13

126TFig.3 The proposed partial decay scheme of Pr
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7 . 3 A Five-HPGe Detector System for 7-7 Angular
Correlation Measurement at the TIARA-ISOL

Masato ASAI, Yasuaki KOJIMA1, Akihiko OS A2,
Mitsuo KOIZUMI2, Toshiaki SEKINE2, Michihiro SHIBATA1,
Hiroshi YAMAMOTO1 and Kiyoshi KAWADE1

Department of Nuclear Engineering, Nagoya University,
department of Energy Engineering and Science, Nagoya
University and 2Department of Radioisotopes, JAERI

1. Introduction

Xe-Ba-Ce nuclei around the A=130
mass region are of interest in connection
with various collective properties such as 7-
softness and triaxiality. Band structures of
high-spin states in these nuclei have been
extensively studied by means of in-beam
7-ray spectroscopy with heavy ion-induced
reactions. However, A knowledge of low-
energy low-spin states, which are scarcely
excited by the heavy ion-induced reactions,
is still insufficient except for Xe isotopes.
In recent experiments, low-spin states in
even-even Ba nuclei were studied with de-
cay spectroscopy[1,2], but there are some
difficulties in spin assignments.

The 7-7 angular correlation measure-
ment is an effective method to make spin
assignments in decay spectroscopy. How-
ever, this method requires a strong radioac-
tive source or a long measuring time to ob-
tain useful data, so that it is little used in
on-line experiments on short-lived isotopes.
In order to improve its efficiency, multiple-
detector systems have been developed at
various laboratories. Wolf et al.[3] and Ya-
mada et al.[4] constructed four-Ge detector
systems and measured 7-7 angular correla-
tions for short-lived neutron-rich isotopes
produced by the 235U(ntii,f) reaction in on-
line experiments using an isotope separator
on-line(ISOL).

In the present work, an efficient five-
HPGe detector system for 7-7 angular
correlation measurements was constructed
at the TIARA-ISOL[5] to study low-spin

states populated via the /9-decay of short-
lived neutron-deficient isotopes produced
by heavy-ion fusion-evaporation reactions,
and the performance of the system was
tested with an 152Eu source in an off-line
experiment. In an on-line experiment, low-
spin states in 126Ba populated via the /3-
decay of 12GLa(Ti/2=54 s) were investigated
with this system.

2. Five-HPGe detector system

The system consists of five n-type coax-
ial HPGe detectors whose relative efficien-
cies are 33%, 33%, 29%, 28% and 28%, re-
spectively. The detectors are configured at
fixed angles, as shown in Fig. 1, which pro-
vide ten correlation angles of 90, 100, 110,
120, 130, 130, 140,150,160 and 170° simul-
taneously. Each detector is placed 60 mm

Fig. 1. Configuration of five-HPGe
detectors.
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Table 1. Results of angular correlations for cascades in 152Sm and 152Gd from 152Eu decay.

Cascade
[keV]
152Sm
245-122
4 + -2 + -0 +

964-122
2+-2+-0+

1112-122
3+-2+-0+

1408-122
2--2+-0+
152Gd
411-344
4+-2+-0+

779-344
3--2+-0+

A2

A4

A2

A4

A2

A4

A2

A4

A2

A4

A2

A4

Present work

0.069±0.005
0.008±0.010

-0.012±0.007
0.260±0.012

-0.202±0.007
-0.062±0.013

0.179±0.006
0.001±0.010

0.103±0.011
0.016±0.020

-0.069±0.005
-0.002±0.009

Wolf et al.
[3]

0.090±0.013
-0.012±0.015

-0.02 ±0.02
0.340±0.054

-0.239±0.030
-0.070±0.065

0.172±0.031
0.018±0.023

0.104±0.0096>
0.015±0.0136>

-0.070±0.0056>
0.002±0.007b>

Yamada et al.
[4]

0.088±0.0l0
-0.004±0.020

-O.O14±O.O1O
0.299±0.022

-0.233±0.010
-0.100±0.022

0.205±0.010
0.013±0.020

0.107±0.014
0.01 ±0.02

-0.066±0.006
-0.004±0.009

Barrette ct al.
[7]

0.1020±0.0015a)

0.003±0.003a)

0.017±0.005a)

0.320±0.022a)

-0.260±0.010a)

-0.082±0.014a>

0.227±0.008a)

0.003±0.008a>

0.101±0.005
0.015±0.009

-0.063±0.010
-0.010±0.025

a) Attenuation correction arising from a lifetime of the 122 keV state has been made.
6> Values from Ref. [8].

from a source position. The end-caps of the
detectors are tapered so that the source-to-
detector distance can be as small as 60 mm
at 50°. The electronic system is similar to
that of Wolf et al. and Yamada et al. The
7-7 coincidence events between any pairs
of detectors are taken in a list mode with
an LN-9000 multiparameter pulse-height
analyzer (Laboratory Equipment Corpora-
tion), with which 7-ray singles spectra for
each of the detectors are also taken simul-
taneously.

A 23 kBq 152Eu source was used to
test the performance of the system. About
4.9 x 107 events were accumulated in the
23 h measurement. To normalize the dif-
ferent efficiencies of detectors, the singles
counts were used in this analysis. Effi-
ciencies of constant fraction discriminators
were almost 100% in the energy region
above 30 keV. The coincidence counts AWn

for the cascade between 7-rays i and j were
fitted to the following equation:

N™mn

where 0mn is the angle between the de-
tectors m and n, S™ and Sf are the cor-
responding singles counts, P2(cos6) and
P4(cos 6) are the Legendre polynomials, AQ,
A2 and A4 are fitting coefficients and Qi
and Qi are the correction factors of fi-
nite solid angle of detectors, which were
measured by using a collimated source
method [6] as a function of 7-ray energy.
Results of the 7-7 angular correlations were
obtained for four cascades in. 152Sm and
two cascades in 152Gd. The angular cor-
relation coefficients Ai and A4 were sum-
marized in Table 1. The results for the
cascades in 152Gd were consistent with the
previous data within the experimental un-
certainties. For the cascades in 152Sm, since
the 122 keV state has a substantially long
lifetime of 1.39 ns, the 7-7 angular corre-
lations related to that state are attenuated
and the A2 and A4 values become small.
If our Ai and A4 values for 152Sm are cor-
rected with the attenuation faĉ .-> ,1 0.7 for
Ai and 0.8 for J44 which are deduced by fol-
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lowing Barrette et al.[7], they become con-
sistent with the literature values.

3. 7-7 angular correlation measure-
ment for 1 2 6 Ba

In an on-line experiment, the 126La
nuclei were produced by the reaction
94Mo(36Ar,3pn) at a beam energy of
195 MeV. The beam intensity was about
200 pnA on target. Reaction products
were mass-separated with the TIARA-
ISOL, then collected on an aluminized My-
lar tape in a tape transport system, and
periodically transported to the measuring
position equipped with the five-HPGe de-
tector system. About 3.0 x 108 coincidence
events were accumulated during a period of
57 h.

From the results of the angular correla-
tions, 0^ and O3" states were unambiguously
identified, and new 2+ and 4+ states and a
1+ or 3 + state were assigned in 126Ba. A
typical result of the angular correlations is
shown in Fig. 2. Besides, multipole mixing
ratios for several transitions were obtained.
A detailed study of the low-spin level struc-
ture in 126Ba is now in progress.

2-
t/3

o

4

1-

1

1774keV

03
+-2i

A 2 =

H

- 256keV ^

+- oi+ n
0.305+0.030 /L O 6 2 ± O - O 5 7 .

90 120 150
0(deg.)

180

Fig. 2. The 7-7 angular correlation for
the 1774-256keV cascade in 126Ba.

4. Conclusion

A five-HPGe detector system for 7-7
angular correlation measurements has been
constructed at the TIARA-ISOL. The sys-
tem has been tested by using an 152Eu
source. The A% and A4 values obtained
were consistent with the previous data. 7-
7 angular correlations in 126Ba have been
measured with this system in an on-line ex-
periment. Good results to make spin as-
signments and to determine multipole mix-
ing ratios were obtained during a limited
machine time of the cyclotron. It is con-
cluded that this five-HPGe detector system
is considerably effective to measure 7-7 an-
gular correlations for short-lived isotopes in
on-line experiments.
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7 . 4 Development of Laser Ion Source for the Study of
Short-Lived Isotopes with the TIARA-ISOL

Mitsuo KOIZUMI, Akihiko OSA, Toshiaki SEKINE, Takayoshi
HORIGUCHI*, and Masato ASAI**
Department of Radioisotopes, JAERI
*Department of Science, Hiroshima University
**School of Engineering, Nagoya University

1. Introduction

An isotope separator on-line (ISOL) has
been constructed at the TIARA AVF cyclotron
facility. Experiments with it on neutron deficient
nuclei in the rare-earth region, which were
produced in heavy-ion fusion-evaporation
reactions, have been carried out to identify new
isotopes i27pr and i25pr[i.3].

The ion source of an ISOL takes an
important role to provide an ion beam of the
nucleus of interest, containing less amounts of
the isobars to obtain good signal to noise ratios
in radioactivity measurements following the
isotope separation. To reduce the isobars, an ion
source technique with element selectivity for a
surface ion source was developed by Ichikawa et
al.[4] and applied to the above experiments; the
element dependence of the yield of monoxide
ions at high temperature was used. This ion-
source technique is, however, applicable only to
specific elements, and a new method, which can
be applied to a broad range of elements in the
periodic table, is expected to be developed.

Ion beam

Extraction electrode Filament

Target and ionization chamber

Fig. 1. Schematic diagram of a laser ion source.

We have started the development of a
laser ion source[5], based on a technique of
resonance ionization. In this ion source, atoms
are excited stepwise to the ionization limit by
two or three laser beams tuned to relevant
atomic transition energies. Because of the
difference in atomic transition energies between
elements, the process has high selectivity on
elements.

2. The ionization efficiency of a laser
ion source

Figure 1 shows a schematic diagram of a
hot cavity-type laser ion source, which is
applicable to the present surface ion source with
a few modifications. In the hot cavity, heated
atoms fly between walls until they escape

through an orifice. Before leaving the cavity, an
atom makes N-time flights. The number of
flights N can be approximated by Atotai/Aorifice,
where Aorifice is the area of the orifice, and
Atotai the total surface area of wall inside the
cavity.

The ionization efficiency of a laser ion

source, £JJ, is roughly written as

" U l 1 1 int '"laser'

where 8iascr is the resonance ionization
probability of an atom in a pulsed laser field and
Pint the probability that the laser beam irradiates
the atom during a flight.

The averaged period of time of a flight,

Atnight, is estimated from the equation given

later to be about 10 us. It is much longer than
the laser pulse width, which is typically about
10 ns, and shorter than the interval between
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laser irradiations, even with a laser of high
frequency as much as 10 kHz; the laser
irradiation is less than one time during a flight.
The laser interaction probability Pim is, hence,

proportional to the Atfiight and the laser repetition

rate vIaser, and is then given by

£ ;_. », AIn-
V,laser

in! laserJ l flight \f
total

where Vtotal and V]aSer indicate the entire volume
of the cavity and the effective volume of laser
irradiation, respectively.

When the atom flies with a mean velocity

v for an averaged distance 1, the Atflight is
written as

1J_
V

where M is the mass of the atom, T the
temperature of the cavity, and k the Boltzmann
constant. The efficiency of laser ionization is
then given by

1 laser

'laser*
total

For a typical ion source of 5-mm diameter
and 50-mm length with a 1-mm-diameter
orifice, heated to a temperature about 2000 K,
the mean velocity v of an atom with a mass of
100 is estimated to be about 500 m/s and
N-1000. With a 50-Hz repetition-rate laser, the

Eu is estimated to be 15% on conditions that the
laser power is sufficiently large to saturate the

efficiency of resonance ionization (Eiascr = 1),
and that V|aser/Vtotai = 0.15. The derived value is
sufficiently large to apply the laser ion source to
our experiments.

3. A resonance ionization test system

To search for a suitable excitation scheme,
and to monitor the laser wavelengths during an

experiment, a resonance ionization test system
equipped with a time of flight (TOF) mass
analyzer has been installed. Figure 2 is a
schematic diagram of this system, in which
Nd:YAG laser (Continuum, Powerlight 6050:
70-mJ output power at 532 run, 50-Hz
repetition rate) pumps two dye lasers (Lambda
Physik, FL3001) and half of the output from
the Nd:YAG laser is used as the third step laser
for ionization. The wavelengths of the dye
lasers are monitored by a wavemeter (Burleigh,
WA-4500) and a laser galvanometer (
Hamamatsu). The atomic beam from an oven
interacts with laser beams injected at the right
angle. The resulting ions are accelerated by
electric fields and transferred to an ion detector
(Murata, Ceratron EMT-6081B) placed about 1-
m away from the ionization region.

Resonance lonization lest chamber
TOF mass analyzer

Fig. 2. Resonance ionization test system.

Sodium was chosen for examining the
resonance ionization test system with the three-
color and three-step transition scheme as seen in
the fig. 3 (a). The 1st transition used was the Di
transition. Dependencies of resonance ionization
signals on the laser power were measured. The
spot size of the laser beams at the interaction
region was 5 mm in diameter; the maximum
power of the Nd:YAG laser was 350 mW and
those of two dye lasers were in the range from

100 to 500 (iW. (Accurate measurement was
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not possible at that time because of the lack of a
powermeter for low power measurement.)
Figure 3 (b) shows the observed power
dependencies. The measurements were carried
out under the condition that the power of each of
two dye lasers was kept maximum except that of
a laser examined. Scales are normalized at
maximum power and at maximum yield. It is
clearly seen that the 1st and the 2nd transitions
are almost saturated at the maximum hser
power. On the other hand, the 3rd transition is
not saturated at the maximum power, as
expected from its transition to the continuum
levels above the ionization potential. To realize
an efficient laser ion source, therefore, a third
dye laser is needed to excite to a Rydberg state
or an autoionization state.

4. Summary

Development of an element selective laser
ion source has been started. The resonance
ionization test system has been ready for
studying ionization schemes, and for monitoring
laser wavelengths.

To realize an efficient laser ion source for
the ISOL experiment, we have a plan for
installing a high frequency excimer laser (400
Hz) and another dye laser. Design of a laser ion
source for the TIARA-ISOL is also in progress.
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1. Introduction
133Cs is the only Mflssbauer nuclide of alkali

metals for which both the Mflssbauer effect and
the internal conversion electrons can be
measured in the same transition. Therefore, it
is an invaluable probe for the elucidation of
the nature of chemical bindings of highly ionic
compounds. The Mflssbauer isomer shift(6)
expressed as a product of an atomic quantity,
the difference of electron density at the nucle-
usAp(0), and a nuclear quantity, the change of
nuclear charge radius AR/R. Thus, an exact
knowledge of AR/R is essential for a quantita-
tive interpretation of the isomer-shift data in
terms of a change in the electron density.

The value of AR/R for the 81 keV transi-
tion of 133Cs has been proposed by several
authors in the theoretical or Mflssbauer-
measurement approaches [1-4]. However, its
magnitude is still in controversy; the proposed
value ranges from 0.15xl0'4 to 2xl(T4. These
determinations except for the nuclear-theory
calculation]!], however, are based mainly on
the Mflssbauer measurement and the hypotheti-
cally defined cesium configurations. In this
report, the preliminary result for the determi-
nation of the AR/R value in 133Cs by using the
conversion method[5,6] is described.

2. Experimental
The source sample in this work was pre-

pared by the implantation of 133Xe(T./2=5.25
d), which decays to the Mdssbauer level of
133 Cs. Radioactive 133Xe gas was purchased
from LMRI(France) with a carrier gas of 3
cm3 natural xenon. Ion-implantation of 133Xe
was carried out at a terminal voltage of 20 kV
at room temperature by means of an electro-
magnetic isotope separator of JAERI (located
at Takasaki). As host materials, a Zn foil and
a Mo foil were chosen for the ion-
implantation of 133Xe. The 133Cs Mossbauer

spectra were measured while keeping both the
source and absorber at liquid-helium tempera-
ture, using a single-line absorber, CsCl with
360 mg/cm2 Cs thickness. The 81 keV y-rays
of 133Cs from the implanted source were de-
tected with a thin Nal(Tl) scintillation detec-
tor. A constant-acceleration drive with a
triangular velocity shape was used at + 4 mm/s.

The internal-conversion electron spectra of
the same samples that were used in Mflssbauer
measurement were measured using the INS
jt/2~ iron-free (3-ray spectrometer having p=75
cm. For measurements of the internal-con-
version electrons, a single-wire proportional
counter(SWPC) with a multislit(49 slits, 0.5
mm slit-width) was used as a focal-plane
detector. In order to reduce counter back-
ground by using a position-coincidence tech-
nique, the same type of SWPC was placed just
behind the main counter. The sample source
was covered with an aluminum slit for defin-
ing the source dimensions to 0.5 x 20 mm2. A
momentum range of about 4% could be
measured simultaneously.

3. Results
Fig.l shows typical conversion-electron

spectra of the Mo source in the region of the
L-, M-, N- and O+P-lines of the 81 keV
transition in 133Cs. The momentum resolution
was 0.05%, though the spectrometer resolu-
tion was set at 0.03% momentum resolution.
The conversion spectra were analyzed by a
least-squares fitting using the computer code
ACSEMP[7]. In the M, N, O and P shells, not
all the subshells were completely resolved
under the present experimental conditions.

Fig.2 shows a typical Mflssbauer spectrum
for the Mo source. The spectra were analyzed
by a least-squares method. The Mflssbauer
spectrum of the Zn sample could be fitted with
a doublet having a small quadrupole splitting;
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Fig. 1. The L-, M-, N- and O+P-conversion lines of the 81 keV transition in 133Cs.

density, po s(0)/p4 s(0), is equated with
(ap+ap)/am, the equation for the isomer
shift can be written as

5=(4/5)jtZe2R2(AR/R)p4s(0)thcorA[(ao+ocp)/aN1].

The ratio ( a o +a p ) / a N 1 obtained from
conversion measurements was found to
change from 0.216(17) for the Mo sample to
0.227(25) for the Zn sample. Using the rela-
tivistic value of P4s(0)theor =1344.7 a.u.[9] and
R=1.2xA1/3 fm, a tentative value, AR/R-
+0.5x10^ was deduced from the correlation
between 6 and (ao+ap)/aN r

References
[1] R.A.Uher and R.A.Sorensen, Nucl. Phys.

86(1966)1.
[2] G.P.Perlow, A.J.F.Boyle, J.H.Mershall and

S.L.Ruby, Phys. Lett. 17(1965)219.
[3] A.J.F.Boyle and G.J.Perlow, Phys. Rev.

149(1966)165.
[4] W.Henning, D.Q.Quitmann, KSteichele, S.Hufiier

and P.Kienle, Z. Physik, 209(1968)33.
[5] H.Muramatsu, T.Miura, H.Nakahara, M.Fujioka,

ETanaka and A.Hashizume, Hyp. Int.l5/16(1983)269;
20(1984)305.

[6] T.Miura, Y.Hatsukawa, M.Yanaga, K.Endo,
H.Nakahara, M.Fujioka, E.Tanaka and A.Hashizume,
Hyp. Int.28(1986)857; 30(1986)371.

[7] M.Fujioka and M.Takashima, J.Phys.40(1979)C2,32.
[8] I.M.Band, LA.Sliv and M.B.Trzhakovskaya, Nucl.

Phys. A156(1970)170.
[9] I.M.Band and V.I.Fomichev, Atom. Data and Nucl.

Data Tables, 23(1979)295

Fig. 2. Mdssbauer spectrum of133Xe implanted
into Mo. Source and absorber were at 4.2K.

the isomer shift was deduced to be -0.16
mm/s, although the absorption intensity was
very small. For the Mo sample, however, the
spectrum indicated that there is more than one
absorption peak, i.e. the radioactive atoms
were introduced by implantation into more
than one site. Therefore, the averaged isomer
shift (5) of the source sample was estimated to
be -0.02 mm/s by using recoilless fractions
for different sites and the site-population of
the implanted atoms.

Since the valence-shell conversion can
not be separately measured, the following
analytical method was used for the derivation
of AR/R using the proportionality of the
conversion coefficient to the electron
density[8]. If the ratio of the outer-shell
electron density including the valence and
next-inner shell electrons to the 4s-electron
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8 . 1 Radiation Streaming Measurement in a Labyrinth of
Light Ion Room 2 at TIARA

Su. Tanaka, H. Nakashima2, Y. Nakane2, Y. Sakamoto2, S. Meigo2,
S. Tanaka3, M. Takada4, T. Kurosawa4, T. Nakamura4, H. Hirayama5,
N. Nakao6, Y. Uwamino5, M. Imamura6, K. Shin7
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Radia. Safety Cont. Center, KEK5, Insti. for Nucl. Study, Univ. Tokyo5,
Faculty of Eng., Kyoto Univ.7

I. Introduction
It is important to estimate radiation

streaming through a labyrinth as well as
radiation transmission through a bulk shield
for shielding design of high-energy accelerator
facilities. Benchmark data of the radiation
streaming are required to confirm the
applicability of empirical formulas and Monte
Carlo transport codes which are generally
used for the shielding design, and to make a
new calculation method.

Hence, a streaming experiment has been
carried out using a p-Cu white neutron source
generated by protons of 67 MeV in a labyrinth
of Light Ion Room 2 at TIARA"- 2>. A plan
view of the experimental geometry is shown
in Fig.l. The benchmark data measured in
this experiment are divided into three
categories: a characteristic of neutron source,
radiation distribution in the target room, and
radiation distribution along the labyrinth.

Detailed analyses for measured data were
performed to get neutron spectrum, neutron
flux and dose equivalent rate along the
labyrinth.

II. Experimental
Both energy spectrum and angular

distribution of the neutron source were
measured by activation detectors of Al, Ti, Ni,
Co, Nb, In, Au and Bi, where 209Bi(n,xn)
reactions were used to measure neutrons
above 20 MeV-1' together with conventional
activation detectors. During the experiment,
the neutron source intensity was monitored
with two fission detectors placed near the Cu
target and with a Farady cup. Distributions of
fission rates, thermal neutrons and gamma-ray
exposure in the target room were measured
using a 232Th fission counter (Centronic FC-
480) and TLDs (Harshaw TLD100, TLD700).
Besides, energy spectrum by a BC501A
(BICRON) scintillator and a Bonner ball
detector, neutron doses by a rem counter
(Studsvik 2202D) and a solid state nuclear
track detector(Nagase Landauer Ltd.), and
gamma-ray exposure by TLDs were measured
along the labyrinth from the mouth.

1st, 2nd log

3rd leg

Sfclionul view of maze

0 1.5 m

I. —I @ ; points for metLsurvmenlof all quantities

o : points for measurtmtnt of dose and intensity

Fig. 1 Plan view for streaming experiment
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III. Results and discussion
Figure 2 demonstrates typical examples of

neutron spectra measured by the BC501A and
the Bonner ball detector along the labyrinth.
The absolute values given by detectors are
different, especially at No. 14 position. The
upper neutron energy ends are about 35, 20
and 10 MeV at first, second and third legs,
respectively, which shows the energy
degradation through the labyrinth. Slow
neutron flux whose energy is below the
"Cadmium cutoff" of about 0.5 eV is shown
in Fig.3. The two values measured by the
Bonner ball and the TLDs are in reasonable
agreement within the error of measurements.
In Fig.4, dose equivalent rate of neutrons
measured by the rem counter is compared with
the calculation using the neutron spectra
measured by the Bonner ball. The dose
equivalent values by the Bonner ball give
larger values than those by the rem counter,
and this difference becomes larger with the
distance along the labyrinth, about twice at the
largest distance. Dose attenuation rates along
the labyrinth measured with the rem counter
are shown in Fig.5, comparing with the dose
rate calculated by the Tesch's formula4'.

Figure 5 also includes neutron intensities
measured with the track detector by
normalizing all values at the mouth of the
labyrinth to unity. The attenuation profiles
through the labyrinth are similar for the rem
counter and the track detector.

In order to analyze the data measured by
the activation detector, measurements of cross
section and preparation of library are in
progress.
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8 . 2 Measurements of Neutron Spectra from Stopping-Length Targets Bombarded
with Light Ions

Shin-ichiro MEIGO, Hiroshi TAKADA, Hiroshi NAKASHMA,
Toshinobu SASA, Susumu TANAKA*, Kazuo SHIN** and Shinji ONO**
Department of Reactor Engineering, JAERI, *Advanced Radiation Technology
Center, JAERI and **Department of Nuclear Engineering, Kyoto University

Introduction
Applications of high energy particle

accelerators are increasing in a variety of fields
such as an actinide transmutation system, an
intense neutron source and a medical therapy.
In the neutronics design study of the facilities,
nucleon-meson transport code such as
NMTC/JAERI[1] has beer} employed. The
code had been generally designed to treat
nuclear reaction and transport for the high
energy particles above a few hundred MeV. A
measured neutron spectrum is required to
validate and improve the codes when they are
applied to low energy particles. The number of
experimental data of those, however, is still
very small.

In order to obtain the neutron yields of vari-
ous targets, we started to measure neutron
spectra using light ions[2]. In the present
study, the neutron spectra from stopping-length
targets bombarded with protons were meas-
ured using Time-of-Flight (TOF) technique
which was superior to unfolding technique
with respect to both the energy resolution and
accuracy. The measured data were compared
with the calculated results of NMTC/JAERI.

Experimental
The measurements were carried out at the

HB-1 beam course at the AVF-cyclotron in the
TIARA facility. The experimental arrange-
ment is shown in Fig. 1. The thick targets of
carbon and gold were bombarded with 67
MeV pulsed protons of 3 ns in FWHM and
320-ns-interval. The number of injected
protons was counted with a digital current
integrator (ORTEC 439) connected to the
target that was surrounded by a -500V
suppressor grid to repel secondary electrons.
The diameter of the target was 30 mm, and the
thickness was 33 mm for carbon and 6 mm for

gold, which was enough to completely stop the
incident protons. The self-absorption of
produced neutrons was negligibly small.
Neutrons were measured by the TOF method
with an organic scintillator (BC501A) of 12.7
cm in diameter and 12.7 cm in length at
emission angles of 0°,15o,30o,45o,60o,90° and
120°, respectively. The flight path was 5.0 m
for the measurements between 0° and 45°, and
2.5 m for those between 60° and 120°.

The BC501A scintillator was optically
coupled to a HAMAMATU-R4144 photo-
multiplier tube. Three signals, pulse height,
pulse shape and TOF were accumulated by a
three-parameter data acquisition system. The
pulse height was calibrated by the standard
sources of 6()Co (Ey 1.17 ,1.33 MeV) and Am-
Be (Ey 4.43 MeV). In order to discriminate
between neutron and gamma-rays pulses, a
pulse shape discriminator having wide
dynamic-range over 500:1 was employed.

The contribution of the background
neutrons caused by the room-scattering was
measured at every angle using a rectangular
iron block with the size of 20 x 20 x 40 cm3.

Data Reduction
The neutron TOF spectra were obtained by

an off-line discrimination between the neutron
and gamma pulses. By the following equation,
the neutron energy spectrum was transformed
from TOF spectrum,

cf'n dn dt . . . . _ . _ ,

dEdQ. dl dE

where, dn/dt is the neutron TOF spectrum, Np
the number of incident protons, e detection effi-
ciency and A£2 the solid angle sustained by the
detector to the center of the target.

The detector bias was set at half height of
60Co Compton edge (1.074 MeVee). This en-
ables us to obtain the neutron spectra above 4
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MeV. The detection efficiency for the bias was
calculated with SCINFUL[3] which included
modified deuteron light output[4] and the angu-
lar distribution of H(n,n) reaction cross-
section[5].

Calculation
In the calculation, NMTC/JAERI code was

employed to simulate nuclear reaction and par-
ticle transport calculations above 20 MeV. In
the code, Pearlstein Systematics[6] was used to
treat nucleon-nucleus collisions correctly. The
transport of the neutrons with energies below
20 MeV was calculated by the code MCNP-
4A[7].

Moreover, the calculations including the
preequilibrium model proposed by Ishibashi et
al.[8] were also performed, because it has been
pointed out [9] that the preequilibrium process
should be taken into account in order to im-
prove the accuracy of the code in energies
below 160 MeV. For convenience, we call
hereafter the calculation with the default
version of NMTC/JAERI as "2-step calcula-
tion" and the one including the preequilibrium
process as "3-step calculation".

Results
The resolution and the uncertainty of the

experimental data were smaller than 8% and
10 %, respectively, in energies below 50 MeV.
These values were much smaller than the ones
obtained by the unfolding technique.

In Figs. 2 and 3, the calculated results are
compared with the experimental ones for C and
Au, respectively. It is observed in both figures
that the 2-step calculation significantly over-
estimates the experimental neutron spectra in
energies above 20 MeV, which comes from the
intranuclear cascade process, by factor of 3 to
10 at forward angles from 0° to 30°. For the
backward neutron emission beyond 90°, the
results of 2-step calculation fall off steeply with
increasing energy, and so they are too small
compared with the experimental results. On
the other hand, the 3-step calculation predicts
the backward neutron emission in energies
above 20 MeV fairly well. The increase in the
yield of the neutrons with the energies above

20 MeV leads to diminish the excitation energy
of a residual nucleus so that the yield of the
evaporation neutron decreases. The 3-step
calculation agrees well with the experiment in
the evaporation part which corresponds to
energies below 10 MeV. For energies above
20 MeV, however, the calculation still
overestimates the experiment.

Summary
We have measured neutron spectra from

stopping-length C and Au targets bombarded
with 67 MeV protons. The minimum energy
of measured ones was 4 MeV.

It has been found through the comparison
between the experimental and the calculated
results that inclusion of the preequilibrium
process improves the accuracy of calculated
ones for the backward neutron emission and
the evaporation part in the forward angles. In
order to improve the overestimation by
NMTC/JAERI for neutron spectra at forward
angles of 0° to 30°, it is necessary to modify
the intranuclear cascade model taking into
account the nuclear medium effects such as the
reflection and refraction.
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8 . 3 Study of 7Li(p,n) Source Spectra and Neutron-induced
Charged-particle Emission Cross Sections at TIARA

Mamoru Baba, Tomohiko Iwasaki, Takehide Kiyosumi, Toshiya Sanami,
Yasushi Nauchi, Naohiro Hirakawa, Takashi Nakamura:), Susumu Tanaka31,
Hiroshi Nakashima41, Shin-ichiro Meigo41, Shun-ichi Tanaka41 and N.Nakao51

Dept.Nucl.Eng., Tohoku Univ., 2)CYRIC, Tohoku Univ.,
3)JAERI Takasaki Establishment, 4)JAERI Tokai Establishment
5)Institute of Nuclear Study, University of Tokyo

1. Introduction
As a part of the study on accelerator shielding

and related nuclear data at the monoenergetic neuron
source facility of TIARA, we have been conducting
measurements and analyses of the 7Li(p,n) source
neutron spectrum and double-differential charged-
particle emission, (n,z), cross sections for tens-MeV
neutrons. The (n,z) cross section data are indispen-
sable for evaluation of radiation damage and
biological effects of fast neutrons. However, ex-
perimental data are very few and new data are
required for the development of accelerator-based
neutron source for fusion reactor material test and
nuclear-waste transmutation.

During the last year, we carried out l)new
measurements of the 7Li(p,n) spectra at Ep=87 and 58
MeV, 2)analyses of the C(n,z) data obtained in 1994,
and 3)design of a wide-range charged-particle spec-
trometer to extend the experiment to a-particles and
low energy protons.

2. Experiment1"1

For the experiments, we developed and applied a
versatile charged-particle detector. The experimental
method has been described previously1'21.

The source spectra were measured by a proton-
recoil-telescope (PRT) consisting of a polyethylene
radiator (0.5 or 1-mm-thick) and the telescope
employing AE (900 mm2 PIPS) and E (2"-diam Nal)
detectors. By adopting an "annular geometry", the
present PRT achieves good energy resolution and
signal-to-background ratio with minimal loss of
detection efficiency. In this geometry, the telescope is
placed on the neutron beam axis being shielded from
the neutrons by a brass shadow-bar, 5.5-cm-diam and
50-cm-long. Recoil protons from the polyethylene
radiator shaped to be "annular" are detected by the
telescope detector. The neutron spectrum data were
obtained down to -12 MeV with small uncertainties
around ±5 %.

The C(n,z) data were measured using the telescope
by replacing the polyethylene radiator with a carbon

plate (0.5-mm-thick). Measurements were done at 7
angles from 7° to 120°. Measurements were done
using the "annular geometry" at forward angles from
7 to 20°, and conventional geometry at backward
angles, 30° to 120°, rotating the telescope around the
sample.

Data were accumulated for three parameters, AE,
E and TOF between AE and E for PRT using a
multi-parameter pulse-height analyzer. For C(n,z)
measurement, TOF between E and cyclotron RF was
taken in place of TOF between AE and E.

3. Data Analysis'21

First, particles of interest were selected from AE
versus E display. The charged-particle spectra were
corrected for backgrounds, counting efficiency and
counting loss by inelastic-scattering in the detector.
The efficiency was calculated with analytic and
Monte-Carlo calculations. For analysis of PRT data,
we adopted newly evaluated differential cross section
data for n-p scattering. The energy scale was det-
ermined using linear response of Nal and the energy
of the 7Li(p,n0|)

7Be neutrons determined with TOF
method. Slight deviation from linear response was
also taken into account.

4. Results and Discussion
(1) 7Li(p,n) source spectmm

The results of the source spectra at Ep=87, and
58 MeV are shown in Fig.l, together with previous
results at Ep=67 and 43 MeV. The source spectra are
not purely monoenergetic because of continuum
neutrons due to breakup process. The lines in the
figure shows calculated phase-space distributions
corresponding to the three-body breakup reaction
7Li(p,n3He)oc. The calculation describes the ex-
periments consistently for all incident energies. (The
bump around 70 MeV in Ep=87 MeV data will be
due to some contamination and should be traced
further.) Therefore, this simple model can be used to
estimate the low energy part of the continuum
spectrum which is difficult to measure in spite of the
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importance for the analysis of the experiments.
The cross sections of peak neutron production, i.e.,

the 7Li(p,n01)
7Be reaction, were deduced as shown in

Fig.2. The present results indicate the cross sections
are nearly constant around 35 mb/sr in the tens MeV
region. The fraction of peak component, however,
decreases with the increasing proton energy, and is
less than 50 % above Ep=50 MeV.

[x109]

o
a.
CO
3

[n
/s

r/
l

/i
el

d
N

eu
tr

on
 >

[x109]0

1

[x10']0

1

[x109]0
1

Neutron Energy [MeV] 100

Fig.l 7Li(p,n) source spectra.

Li(p,n)

40-

I 20
u

n

s
o

*

B

~> 1 ~

hi i
X PRESENT

T LLL

B CNL

•*• ORNL

t

i

• RUTHERFORD

A HARWELL

V MSC
_

50
Incident Proton Energy [MeV]

Fig.2 7Li(p,n01)
7Be cross section.

100

2. C(n,z) reaction
Energy-angular doubly-differential cross section

data were obtained for protons, deuterons and tritons
for 40 and 64 MeV neutrons, while the triton data
are not sufficient in counting statistics. An example
of proton spectrum is shown in Fig.3. The spectra
consist of continuum components due to breakup
process and structures due to low-lying states in
residual nuclei. It is noted that the spectra show very
strong angular dependencies and should be taken into
account in the evaluation of KERMA factors,
radiation effects and so on.

The spectra were compared with thp phase-space
model, intra-nuclear cascade model (INCA)2' by
Brenner, and QMD (quantum molecular dynamics) by
S.Chiba et al.(JAERI)3'. The simple phase-space model
did not provide a good description of the C(n,z) data
in particular at 64 MeV in spite of its success in the
7Li(p,n)7Be spectrum. INCA proved to describe the
experiment fairly well while it tends to underestimate
the experiment in the backward angles. In Fig.4,
shown are comparisons of (n,p) data with QMD
calculation which is promising in view of wide
applicability in high energy region. QMD describes
the feature of the experimental data, but it should be
improved more for better description of structures and
composite-particle (cluster) emission like d and a.

(3)Design of new telescope
As shown in Figs.l and 3, the present telescope

has rather high threshold -12 MeV and can not
measure a-particles because of large energy loss and
backgrounds due to surrounding air. Such a situation
is similar for spectrometers used by other groups. To
extend the measurements, we are designing a new
multi-telescope system having much larger dynamic
range, better signal-to-background ratio as well as
higher efficiency. For the purpose, new spectrometers
will consist of a proportional AE counter and a BaF2

scintillator which enables particle-identification by
pulse-shape analysis. They will be operated in
vacuum to reduce backgrounds and energy loss by an
air. Pulse-height dynamic ranges will be extended
greatly by incorporating updated particle-identification
scheme (pulse-shape and AE-E hybrid method). Now
the test and construction are in progress.

5. References
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8 . 4 Measurements of Neutron-induced Activation Cross Sections at

JAERI-Takasaki

M. Imamura, S. Shibata, T. Shibata, Y. Uwamino*, T. Nakamura2, E. Kim2, A. Konno2,

Susumu Tanaka3 and Shun-ichi Tanaka 4
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(# Present address: RIKEN)

Introduction
Neutrons with energies up to a few hundreds MeV

are most responsible for activation of materials in

thick target bombrdment, such as radioactivity

production due to secondary neutrons in accelerator

facilities. A 5-year research program started in 1992

aims at acquiring neutron-induced activation cross

sections as basic data for accelerator shielding studies

using the 40-90 MeV quasi-monoenergetic neutron

source facility "at TIARA-JAERI. For this purpose,

we have planned several irradiations between 40 and 90

McV.

In the preceding years we conducted 5 irradiation

experiments at 41 and 64 MeV2). During fiscal year

1994 we performed two activation experiments at

En=55 and 85 MeV.

Experiments
The 90-MeV AVF cyclotron of the TIARA

accelerator facility provides quasi- monoenergetic

neutron sources from 20 to 90 MeV using the (p,n)

reaction on a Li target. The neutron intensities (at

peak energy) are a few times 104 n/cm2/sec/u.A(proton)

at the irradiation position, located 4m downstream

from the Li target. The energy spreading of the peak

component is approximately 2 MeV. Experiments are

based on the activation method, viz., irradiations of

targets with the collimated neutron beam and

measurements of the produced y -ray radioactivities,

y-rays were measured with a Ge detector (relative

efficiency 36%) at TIARA. For some targets weak

y-rays were measured using the well-shielded Ge

detectors at INS. Radioactivities with half-lives of

lOmin. to 30 years were detemined for more than 50

reactions relevant to accelerator shielding studies.

Some Preliminary Results

Neutrons from the 7Li(p,n)7Be reaction have a lower

energy component with a broad and almost continuous

spectrum in addition to the peak component. To

calculate activation cross sections, correction is

necessary for the contribution from the lower energy

part of neutrons. Therefore cross section data for the

lower energy must be also known. Since the

experiments have been performed so far at only 4

energies with rather coarse energy intervals and we

have almost no published experimental cross section

data above 40 MeV, we have tentatively estimated

cross sections by assuming the shape of the theoretical

excitation functions or by using rather intuitive

interpolations of cross sections for lower energies.

Below, we show several examples of the preliminary

results obtained.
2a>Bi(n,xn)2"'"'Bi reactions (Fig.l)

Since the reactions have large cross sections with

threshold energies increasing in steps of 8-10 MeV and

the radioactive products have proper half-lives of 30

min. to 30 years for x=3-10, the reactions are ideal for

neutron flux evaluation between 20 and ca.100 MeV.

By irradiating Bi monitor targets the leakage neutron

spectrum can be evaluated if activation cross sections

are known. Theoretical calculations for these reaction

cross sections have been given in ENDF/B-VI. The

ENDF/B-VI evaluation3' recently reported reproduce

fairly well the TIARA experiment data so far obtained

as well as the INS experiment data below 40 MeV4'.
12C(n,2n)"C, 12C(n,x)7Be, and °Al(n jc)°Na

reactions

These reactions have been considered useful for

monitoring high energy neutrons. However the

experimental results show deviations from theoretical

estimations given in the ENDF/B-VI. The12C(n,2n)nC
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reaction seems to have a broad peak of ca. 20 mb at

around 40-60 MeV(Fig.2). The cross section decreases

slightly with energies up to 85 MeV or remains

almost constant. The "Alfox^Na reaction has a

excitation function which is typical in compound

nucleus formation. The peak cross section is about 20

mb at around 40 MeV , which is about a factor of two

lower than the ENDF/B-VI estimation. In the case of

the 12C(n,x)7Be reaction, the cross section goes up

with increasing energies, showing a spallation-like

excitation function(Fig.2).

References
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Radiation Shielding(Arlington, U.S.A., Apr.1994)

p. 264.
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Introduction

As a part of a research program running as
a cooperative project between JAERI and
several universities to acquire the cross
section and shield data for neutron in the
intermediate energy region, a series of
accelerator shielding experiments has been
carried out using a p-7Li quasi-mono-
energetic neutron source at AVF cyclotron
in TIARA. In this study, neutron spectra
transmitted through iron and concrete
shields were measured to provide the
benchmark data, and analyzed by some
shielding design methods to estimate the
validity of the nuclear data and to confirm
the applicability of neutron transport codes.

Experiment

Neutron spectra transmitted through iron
and concrete shields were measured using
the monoenergetic neutron source settled at
LC beam line in the AVF cyclotron facility
as shown in Fig. 1. Neutrons generated by
43- and 67-MeV protons on the 7Li target
of 2-MeV-loss-thickness passed through
the iron collimator of 11 cm in diameter
and 225 cm long. After going through an
additional collimator of 11 cm diameter and
up to 80 cm long, neutrons bombarded the
iron and concrete shields of 120 cm width,
120 cm height and 20 to 200 cm thickness.

The pulse height distributions were
measured by a 5"<j> x 5" BC501A liquid

Proton

Li Target 9

Monitor

Detector

Fig. 1 Vertical view of experimental arrangement.
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scintillation detector set just behind the
shields on the beam axis and at 20 cm and
40 cm distance off the beam axis. After
eliminating the component of pulse heights
due to y-rays, neutron spectra were
obtained by an unfolding code FERDOU^
with the measured response matrix. Source
neutron intensity monitors, a Faraday cup
and fission chambers, which were calibrated
to the absolute value of neutron source
intensity measured by a proton-recoil
telescope2), have been operated during the
experiments.

Calculation

The transmitted neutron spectra were
calculated using the two-dimensional
discrete ordinates code DOT3.53) and the
Monte Carlo code MORSE-CG4) with the
DLC119/HILO865) group constant sets up to
400 MeV having Ps Legendre expansions.
The Monte Carlo code HETC-KFA26) used
in the high energy particle transport
calculation was also applied in the analysis.
The source neutron spectrum measured by
the TOF method using the BC501A detector
was used, which was normalized to the
absolute value by the measurement using
the proton-recoil telescope. In MORSE and
HETC calculations the source neutrons were
assumed to be emitted only in a very shape
cone of 5.94 x 10"4 sr along the beam line.
In DOT3.5 calculation the source neutrons
were assumed as a point isotropic source
located at the position of the Li target, and
the first collision source calculated by the
GRTUNCLE code75 was utilized to remove
ray effects.

As a geometry in MORSE and HETC
calculations the iron and concrete shields
were located at 4 m away from the target,
and the concrete walls surrounding the
shield materials were considered to be 40
cm thick. For DOT3.5 calculation the
upper side of the beam axis in Fig. 1 was
approximated as a two-dimensional geome-
try.

Results and Discussion

The spectra calculated by the MORSE and
DOT3.5 codes are compared with the mea-
sured ones behind the 70 cm thick iron and
100 cm thick concrete shields on the beam
axis at the incident proton energy of 67
MeV, as examples, in Figs. 2 and 3,
respectively. The calculated results agree
with the measurements within the error.
This confirms that elastic and inelastic
scattering cross sections are adequate, where
the HILO86 library was calculated by the
HETC code for inelastic scattering and the
optical model adjusted to the experimental
data for elastic scattering. As is shown in
Fig. 4, however, the MORSE calculations
underestimate the measurement at the off-
center position, because the P5 Legendre
expansion is too rough to reproduce the
angular distribution of elastic scattering
having strongly forward-scattering distribu-
tion. It is suggested, therefore, that a larger
number of Legendre expansion order in
group constant sets or the cross section
library of double-differential type should be
used in order to apply the shielding design
codes for fission and fusion reactors limited
to the energy region up to 20 MeV to the
high and intermediate energy accelerator
shielding design.

The original HETC calculations without
a built-in elastic scattering option, which
means to use only the intranuclear-cascade-
evaporation model, overestimate the
measured spectra as shown in Figs. 2 and 3.
The HETC calculations with the elastic
scattering option utilizing the same data as
the elastic cross sections in the HILO86
library still overestimate the measurements
by about a factor of 2. As shown in Fig. 4,
moreover, the HETC calculation largely
underestimates the measurement, and does
not reproduce the neutron peak due to
elastic scattering. This result presents that
the angular distribution of elastic scattering
is inadequately treated in the code, though
the distribution is expanded by the Bessel
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function which is more suitable than
Legendre function to express strongly
forward-scattering distribution. Thus, it
implies that the contribution of elastic
scattering is very important in this energy
region and the handling of elastic scattering
reaction in the HETC code should be
modified.
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9 . 1 Development of Visual Beam Adjustment Method for
Cyclotron

Takashi AGEMATSU, Kazuo ARAKAWA, Susumu OKUMURA,
Yoshiteru NAKAMURA, Watalu YOKOTA, Takayuki NARA and
Ikuo ISHIBORI
Advanced Radiation Technology Center, JAERI

Introduction
A cyclotron design requires a large

number of physical theories, calculation codes
and analysis of the beam trajectory. These
codes and analyzed results have not been used
in actual operation. For a new cyclotron
control technique, we have developed a
computer-based visual assistance system [1]
for the JAERI AVF cyclotron [2] by using the
above codes. To examine the reliability of
this system, the result of the simulation was
compared with that of the actual operation.

Human interfaces

The visual assistance system provides
three functions of human interfaces for beam
parameter adjustment; (a) Beam trajectory is
rapidly calculated and graphically displayed
whenever the operators change the cyclotron
parameters, (b) Feasible setting regions
(FSRs) of the parameters which satisfy beam
acceptance criteria of the cyclotron's are
indicated, (c) Search traces which are
historical visual maps of beam current values
represented by various colored dots, are
superimposed on the FSRs. The system has
been applied to three blocks of the cyclotron:
the axial injection, the central region and the
extraction.

Evaluation of simulation

Axial injection block

The axial injection block is a region
between the bottom of the cyclotron yoke and
the inflector. There are four Glaser lenses
(GLs) with adjustable focal lengths. The
beam is led into the cyclotron by adjusting
these lenses through a small gap of the
inflector entrance. The FSRs are limited

mainly by the geometry of the inflector
entrance.

We have compared the human interfaces
with the results of actual operation in the

accelerating conditions of H+ 45 MeV
(harmonic mode 1: h=l), H+ 10 MeV (h=2)
and 40Ar8+ 175 MeV (h=3). It was indicated
that there was a discrepancy between the
simulated FSRs and the search traces obtained
in actual operation. The simulated beam
trajectories deviate from the search trace just
after last GL. This deviation is caused by the
leakage of magnetic field from the main
magnet.

Central region block
The central region block is followed by

the axial injection block. The first turn of the
beam trajectory after the inflector is
determined in this block. The adjustable
parameters in this region are dee voltages,
trim coil currents and the phase of beam
buncher voltage. These parameters are
adjusted so that the beam passes through two
sets of phase slits. The beam trajectory and
FSRs are calculated as functions of these
parameters and magnetic and electric field
data. The FSRs are limited mainly by the
geometrical condition of the phase slits.

To evaluate the simulation model of beam
trajectory, we have compared the position of
actual beam trajectory with the simulated
beam one. The intensities of magnetic bump
field produced by circular trimming coils little
influence the position of actual beam
trajectory. The beam phase dependency on
the beam position could not be measured
because the beam intensities were decreased
drastically in changing phase of the beam
buncher.
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Fig. 1 Beam trajectory simulation at the extraction block.
The spiral beam trajectory is shown as a stretched line in this diagram.

Extraction block

The beam in the final turn is led into the
deflector and the magnetic channel, deflected
from the circular orbit, and finally extracted
from the cyclotron. In this block, the system
simulates the deflected beam trajectory. At
the first step, the beam trajectory entering the
deflector is calculated on the basis of the
magnetic field data and two beam positions
detected by the main and the deflector probes.
At the second step, the beam trajectory in the
deflector and the magnetic channel is
simulated on the basis of the deflector
position, the deflecting field and the magnetic
channel field. The FSRs were calculated as
functions of the above parameters, and the
clearance of the deflector and the magnetic
channel.

An example of simulated beam trajectories

for nominally 20 MeV of 4He+2 ion is shown
in Fig. 1. We have executed simulations to
get the beam trajectories, passing through the
exit of the cyclotron, for several beam
energies. The most suitable energy for the
trajectory in actual operation condition is in a
range from 18.98 to 19.06 MeV. On the
other hand, the beam energy is evaluated at
19.10 MeV (-4.5%) from the magnetic field
of the analyzing magnet after the cyclotron.
The simulated beam energy is in agreement
with the beam energy measured by using the
analyzing magnet.

To evaluate the trajectory model of the
beam extraction from the cyclotron, we have
discussed how to estimate the beam energy in
the final turn. Inside the cyclotron, three
radial probes were installed to measure the
beam intensity distribution as shown in Fig.
2. A main radial probe covers all the
acceleration range of radius from 40 mm to
1190 mm. A deflector probe, provides the
beam intensity before the deflector. A
magnetic channel probe provides the beam
intensity after the passing through the
deflector. We have tried to estimate the beam
energy by following techniques.

Magnetic
channel

probe

Deflector
probe

Main probe

Fig. 2 Location of three beam probes.
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1) Orbit radius method; The beam
position is measured by the main radial probe.
The energy (E) is evaluated from the
simulated trajectories passing through the exit
of the cyclotron and the analyzing magnet.
As shown in Fig. 3, the beam energies
depend on the beam positions of the final turn
trajectory.

2) Three point method; The beam
positions in the three points were measured
by the main probe, the deflector probe and the
magnetic channel probe, respectively. The
beam energy (E1) is estimated from simulated
beam trajectory passing through the above
three points.

Figure 4 shows the relation between the
energy E and the estimated energy E'. The
solid line shows the experimentally estimated
energy and the dot line shows the ideal one.
The result of estimations for beam energy,
data has error within ±2% from linear
approximation formula.

Upgrade the system

Application of the system has been limited
to several accelerating conditions of ion
beams. Because at the early time of
development, it is not need to execute
simulations for all the available particles and
energies. At present, this system has been

- 8 - 6 - 4 - 2 0 2

Estimated energy difference E'-Eo / Eo x 100 [%]

Fig. 4 Energy estimation by three point method.

E': estimated energy from three point method
Eo: nominal energy

upgraded to simulate the beam trajectories and
FSRs in all accelerating beam conditions for
the JAERIAVF cyclotron. We can obtain the
operating parameters for new ion acceleration
tests.

Future activity

Precise comparison of the simulated beam
trajectory and the actual beam trajectory is
planned for the extraction block in new
accelerating conditions. The extracted beam
energy will be measured accurately by other
methods, such as kinematics and TOF
method. It is expected that the result will be
fed back to improve the system. We will
expand this technique to the beam transport
system.

References
[1] T.Okamura and T.Murakami, "An Operator

Assistance System for Beam Adjustment of a
Cyclotron", IEEE Trans, on Nucl. Sci., Vol.39,
No. 1, pp. 13-20(1992).

[2] K.Arakawa, Y.Nakamura, W.Yokota, M.Fukuda,
T.Nara, T.Agematsu, S.Okumura, I.Ishibori,
T.Karasawa and R.Tanaka "Construction and First
Year's Operation of the JAERI AVF Cyclotron",
Proc. 13th Int. Conf. on Cyclotron and their
Applications, Vancouver, Canada, pp.119-
122(1992).

- 213 -



JAERl-Review 95-019

9 • 2 Beam Diagnostic Development for the Cyclotron

Susumu OKUMURA, Tkuo ISHIBORI, Mitsuhiro FUKUDA,
Takashi AGEMATSU, Watalu YOKOTA, Yoshiteru NAKAMURA,
Takayuki NARA and Kazuo ARAKAWA
Advanced Radiation Technology Center, JAERI

Introduction

The JAERI cyclotron has been mainly used
for materials science experiments. Large
samples of various materials up to 100 x
100 mm2 arc irradiated with high-energy
high-intcnsuty ion beams using the beam
scanning and defocusing methods. The flu-
ence uniformity of less than ±10 % is usually
required within the irradiation area.

Therefore, monitoring the distribution on
the irradiation area is needed for tuning the
parameters of the beam scanning magnets
and other beam transport devices. Cellulose
triacetate (CTA) film dosimeter has been used
for profiling the fluence distribution, but
cannot be applied to real-time measurement.
For efficient tuning to the required uniform-
ity, two-dimensional position sensitive detec-
tors have been applied to the real-time meas-
urement of the distribution.

The beam of the cyclotron is pulsed at the
equivalent frequency as the RF of the cyclo-
tron. The pulsed beam thinned out by the
beam chopping system at various intervals ( 1
us ~ 1 ms ) is mainly used for time-of-flight
experiments and time-resolved analyses.

The timing information on the beam
pulse is needed for parameter tuning in the
chopping system to provide required condi-
tion of the beam pulse. A trigger signal of the
beam pulse allows higher time-resolution ex-
periments than a signal originated from the
RF because of a fluctuation of phase dif-
fernce between the beam pulse and the RF.
We have a plan in which a beam energy will
be measured by a time-of-flight method with
fast timing counters for calibration of an
analyzing magnet. For these purpose, a beam
pulse monitor, detecting beam pulses with
high time resolution and high sensitivity, has
been constructed and tested in 45 MeV pro-
ton and 260 MeV neon beams.

Measurement of fluence distribution

Two kinds of position sensitive detectors have
been applied to measurement of the fluence
distribution on real-time with a spacial reso-
lution of 1-2 mm. Electrodes of these detec-
tors consist of strips connected with the
neighbor one by chip resistors. The position
of the incident particle is detected by the re-
sistive charge division method.

One of the position sensitive detectors is a
parallel plate avalanche counter(PPAC) for
detecting heavy ion beams. We have con-
structed a PPAC with a sensitive area of
120x120 mm" and eighty strips with each
width and interval of 1.25 mm and 1.5 mm,
respectively!!], and started to test it [2J. The
specification of the PPAC is shown in Ref [1].

The other one is a silicon strip detec-
tor(SSD) for detecting light ion beams. Since
the signal gain of light ion beams in the
PPAC is not enough, a silicon strip detec-
tor(SSD), with higher-density detection vol-
ume than the PPAC, has been applied for
light ion beams.

The SSD (S2461-01 Hamamatsu Photon-
ics Ltd.) has a thickness of 300 um and a sen-
sitive area of 48x48 mm", and is used at an
applied voltage of +75V. The SSD consists of
48 strip electrodes, with each width and pitch
of 0.9 mm and 1 mm, respectively. The SSD
is mounted on a printed circuit board with the
signal leads for each strip electrode. For the
specific pattern of the leads, only a half of the
electrodes are used and a pitch of the elec-
trode is 2 mm. The leads are connected with
the neighbor ones by chip resistances. A cou-
ple of SSD's were used for two-dimentional
position detection.

Since the signals from the PPAC and the
SSD are processed by amplifiers within a
shaping time of few us for pulse height analy-
sis, the frequency of particle incidence is re-
stricted within 1000 particles per second. For
adjustment of the beam intensity to the ac-
ceptable counting rate of the detectors, the
beam attenuator[3] is used to reduce the
beam intensity by a factor of 1 to 10'9.
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Fig. 1. An example of fluence distribution measured with PPAC for 175 MeV 40Ar8+. (a)Two-
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Fig. 2. An example of fluence distribution measured with SSD for 10 MeV H+. (a)Two-
dimensional distribution. (b)One-dimensional distribution in the X direction. (^One-
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The tests of these detectors have been car-
ried out for a large area irradiation with the
scanning magnets. Aluminum collimators
with two-dimensionally arranged 9x9 holes of
0.5 mm diameter at intervals of 10 mm was
set in front of the detector for measurement
of the positional resolution.

Figure 1 shows an example of fluence dis-
tribution measured with the PPAC for 175

MeV ^Ar8"1", which corresponds to the pattern
of the collimator. The positional resolution
(FWHM) of the X direction is 2.7 mm and the
Y direction 2.5 mm. Since the resolutions of
the PPAC are worse than the expected ones of
1.5 mm equal to the pitch of the strips, im-
provement is needed.

Figure 2 shows the fluence distribution
measured by the SSD for 10 MeV H+, which

- 215 -



JAERI-Rcview 95-019

corresponds to the partial pattern of the col-
limator. The positional resolution (FWHM) of
the X direction is 2.3 mm and the Y direction
L.7 mm. The count differences of the peaks,
especially in the Y direction, seemes to be
caused by the way of the signal process.

Detection of beam pulse

For beam current of more than a few nA,
non-destructive methods, such as capacitive
pick-up probes, can be applied to beam pulse
detection. Since beam pulse experiments fre-
quently require a low beam current of less
than nA, high sensitive detection method is
needed.

The pulse beam has an interval of 45 to
94 ns, which depends on the RF frequency,
and a pulse width is a few ns. Therefore, a
pulse beam measurement with a time resolu-
tion of less than 1 ns is required for tuning
the beam pulse and producing the trigger
signal for experiments without disturbing the
beam quality.

A pulsed beam detection system has been
constructed using a micro channel plate
(MCP), a fast timing detector for charged
particles and photons. The MCP amplifies
secondary electrons and photons emitted
from a inserted target when a beam pulse
passes through the detector [4], and provides
a fast timing signal.

The system consists of an assemble type
MCP (F4655-10, Hamamatsu photonics Ltd.),
seven sets of electrodes spaced by insulator
rods(AhO3) and targets for the secondary
electron emission. The secondary electrons
emitted from the target are guided onto the
MCP through an electrostatic field biased up
to -10 kV. We have two targets: a tungsten
wire 0.3 mm in diameter and a aluminum foil
3 (xm thick and 5 mm wide. The foil is mainly
used for detection of light ion beams. The
targets are stretched in parallel with the sur-
face of the MCP and positioned at different
distances from the MCP for independent use.
The position of the foil is shifted horizontally
from that of the wire not to disturb the secon-
dary electrons from the wire. The entrance
face of the MCP, and the surface of the wire
and the foil were evaporated with Csl to opti-
mize the emission of the secondary electrons
[5]. The system is driven by a stepping motor
to adjust the relative position of target to the
wire. The system allows almost non-
destructive detection of the beam pulse by

selecting the appropriate target and adjusting
the target position to keep the passing beam
in high quality.

The tests of the system have been carried
out using 175 MeV 40Ar8+ and 45, 70 MeV
H+ beams. Figure 3 shows an example of the
time spectra measured by a time-to-amplitude
converter using the signal from the MCP as a
start signal and the RF signal with a divided
rate as a stop signal. The width of the pulsed
beam is 2.3 ns in FWHM.
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Fig. 3. Time spectrum measured for 175
MeV 40 Ar 8+. The target is a 3 [im thick
aluminum foil. The collection voltage for
secondary electrons is -7.66 kV.
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9 . 3 Present Status and Beam Acceleration Tests on Cyclotron

Kazuo ARAKAWA, Yoshiteru NAKAMURA, Watalu YOKOTA, Takayuki
NARA, Takashi AGEMATSU, Susumu OKUMURA , Ikuo ISHIBORI and
Mitsuhiro FUKUDA.
Advanced Radiation Technology Center, JAERI

Introduction

The operation of the AVF cyclotron for
experiment was started from January 1992 in
daily operation mode on a trial base. The
weekly continuous operation was started from
September 16 1992. The total operation
times amounted to 10000 hours in February
1995. The cyclotron [1][2] is mainly used
for R&D in materials science and other
irradiation purposes. These applications of
the cyclotron require that many kinds of light
and heavy ions can be accelerated in a wide
range of energies. To meet the requirement,
continuing efforts have been made on new
beam development, improvement of beam
extraction and transmission, etc.

Present status

The AVF cyclotron was smoothly operated
for experimental utilization in FY 1994. The
beam time for experiments was 2555 hours in
FY 1994. Twenty-five ion species were
provided for experiments.

A baffle slit system at the extraction hole of
the acceleration chamber in the cyclotron was
replaced by remote driving type one for easy
control the slit width as shown in Fig.l.
We added a plate to this system in order to
measure the total beam currents. To measure
the beam profile of accelerated beams in the
cyclotron,

Fig. 1. Photograph of the baffle slit system.

a single-wire profile monitor was installed
just after the gradient corrector.

The accumulation of induced radioactivity
in the acceleration chamber is making it more
difficult to conduct maintenance work inside
the cyclotron. The strongest source of
radiation is usually the electrostatic deflector
(20 mSv/h at surface of septum electrode),
the septum electrodes of the deflector were
replaced by new ones. Furthermore, we
prepared a new set of deflectors for rapid
replacement in case of trouble.

For protection against radiation hazards, it
will be necessary to replace some of the
strongly activated parts, such as main probe-
head, magnetic channel, and magnetic channel
probe-head.

We had the following iroublc; (1) a
destruction of the rotor and sialor for the
turbo-molecular pump in the beam transport
line after the cyclotron, (2) a trouble of air leak
for the multi-cusp ion source, and (3) a
breakdown of the (i-wave power for the
klystron by discharge of high voltage in the
ECR ion source.

Beam development

(1) New beam acceleration
The beam acceleration tests have been

conducted for 60 and 90 MeV H+, 350 MeV
2 0 Ne 8 + and 160 MeV 1 6 O 6 + . Protons are
generated by the multi-cusp ion source, and
other ions by the ECR ion source. The results
of the beam acceleration test are summarized

in Table 1. The 60 MeV H+ beam current is
limited within 5.0 uA for the present to avoid
damage of the machine parts. The extracted
beam current for 2 0Ne8 + and 16Q6+ i o n s are
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1.5 |iA and 1.9 |iA (electrical ampere)
respectively.

(2) Extraction current and transmission
Particles accelerated and extracted so far are

listed in Table 1. The extraction efficiency is
defined by the ratio of the beam current
measured with the main probe at r=900 mm to
that with the Faraday cup (FC) just after
cyclotron. The average extraction efficiencies
for harmonic 1, 2 and 3 are 57.7 %, 66.5 %
and 53.2 %, respectively. .

The overall transmission efficiency is
defined by the ratio of the beam current with
the FC just after analyzing magnet at the
injection line to that with FC just after
cyclotron. The average transmission
efficiencies for harmonic 1, 2 and 3 are 13.5
%, 16.7 % and 11.0 %, respectively. The
best extraction and overall transmission
efficiency was 86 % for 330 MeV 40Ar' 1 +

and 27 % for 10 MeV H+, respectively. The
maximum beam currents of heavy ions such
as Ne, Ar and Kr mainly depend on the ability
of the ECR ion source.

(3) Single pulse extraction
The beam chopping system[3] consists of a

pulse voltage chopper (P-chopper) and a
sinusoidal voltage chopper (S-chopper). The
P-chopper was made to chop DC beams from
the ion sources into pulse beam in the
injection line. The S-chopper was made to
extract a single beam pulse after the exit of the
cyclotron. The single pulse was successfully
extracted for 220 MeV 1 2C5 + ion using the
chopping system.

(4) ECR ion source
The ECR ion sources are presently used

for two purposes; (1) injection of highly
charged ion beams into the AVF cyclotron,
(2) study and development of ECR ion source
for high charged ion beams of gaseous and
solid elements. A new gas feed line was
added for isotope gases which are very
expensive. Tubes from gas cylinders were

connected to the common line, may be less

than 3 cm3 . It is used for 36Ar and 129Xe.
Test generation of metallic ions are carried
out by using insertion of ceramic rods into
ECR plasma. Ni ions are generated from
NiO and Cr ions from CrSi2 and Cr2O3.
Though the insertion depth was not
optimized, the maximum charge states are 17
for Ni and 15 for Cr, and ion beam currents
are enough for acceleration by the cyclotron as
shown in Table 2. These materials have
proper vapor pressures for metallic ions [4],
and the beam stability were good.

Table 2.

Material

Beam
currents

(e|iA)

Extracted beam current
roads.

.NiO
58Ni

17+
16+
15+
13+
12+
10+
9+
8+

0.5
1.0
2.8
3.8
4.0
4.4
2.1
1.2

CrSi2
5 2Cr
15+
14+
12+
11+
9+
8+

0.5
1.8
4.0
5.8
5.2
4.5

for ceramic

Cr2O3
52Cr
15+
14+
12+
11+
9+
8+

0.8
1.2
1.9
2.7
1.5

0.9

(5) Pulse beam detection system
The pulsed beam experiments require non-

destructive methods to monitor the beam
during the experimental time and high
sensitivity to a wide variety of beams from
proton to heavy ions in wide ranges of
acceleration energy and beam intensity. For
these reasons, we have developed a highly
sensitive beam pulse detection system using a
micro channel plate (MCP) with a high-signal
gain and time-resolution. The pulsed beam
can be detected by secondary electrons emitted
from a thin target when the beam passing
through it. The system have been tested by

using a 175 MeV 40Ar8+, 45 and 70 MeV H+.
The details of this system is reported in a
separate paragraph in this chapter[5].

(6) Measurement of fluence distribution
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The fluence distribution over the irradiated
area was measured by CTA dosimeters based
on the radiation induced optical density
change of the dosimeter film. However, this
method does not give fluence distribution in
real time. To monitor two-dimensional
fluence distribution in real time, we are
developing two types of detectors: one is a
parallel plate avalanche counter (PPAC) for
heavy ions, and the other is a silicon strip
detector (SSD) for light ions. The two-
dimensional fluence distributions under beam
irradiation were successfully measured by
PPAC and SSD. The details of this system is
reported in a separate paragraph in this
chapter [5].

(7) Computer-based visual assistance system
We have developed a computer-based

visual beam adjustment method for
cyclotrons[6]. This method provides a CRT-
display of simulated beam trajectories,
feasible setting regions (FSRs) of operating
parameters and historical maps of beam
current value. As a result of the test on the
actual operation of the JAERI AVF cyclotron,
it turned out that the simulation approximates
actual beam trajectories well and FSRs are
helpful to operations for the axial injection,
the central region and the extraction. Precise
comparison of the simulated and the actual
beam trajectory is try under various
accelerating conditions. We are upgrading
the system to execute simulations for all the
available particles and energies.
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Table 1 Results of Extracted Intensity and Transmission

Particle

H+

D+

4He2+

12C5+

16Q5f

1606+

20N e6+

20N e7+

20Ne8+

36Ar8+

36Ar10.

40A r8+

40 A r l I +

40Ar13+

84Kr20+

Energy

(MeV)

10
20
30
45
60
70
90
10
35
50
20
50

100
220

100

160

120

260

350

195

195

175

330

420

520

Har-
monic

No.
2
2
1
1
1
1
1
2
2
1
2
2
1
2

3

2

3

2

2

3

3

3

2

2

2

Frequency

(MHz)

14.97
21.03
12.77
15.46
17.65
18.92
21.14
10.63
19.70
11.76
10.67
16.77
11.81
20.42

17.98

15.11

17.70

17.48

19.88

16.82

16.83

15.14

13.68

16.24

11.98

Extracted
Intensity

(e^A)
10
5.0
5.0
30
5.0
5.0
10
11
40
20
5.5
20
10

0.25

1.7

1.9

1.6

1.0

1.5

' 2.5

0.10

3.0

0.6

0.1

0.05

Extraction
Efficiency

(%)
80
77
67
79
57
53
48
29
59
49
69
62
32
77

34

58

53

70

63

63

43

73

86

63

72

Trans-
mission

(%)
27
21
22
14
22
12

7.7
3.7
4.6
7.2
11
17
10
22

8.1

21

18

19

23

13

1.2

15

15

13

20
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First Operation of 18-GHz ECR Ion Source

W. Yokota, YAVu, Y. Saitoh, Y. Ishii, T. Nara and K. Arakawa

Advanced Radiation Technology Center, JAERI

Introduction
Ions with mass to charge ratio (M/Q) less than

6.5 can be accelerated by the JAERI cyclotron, and Xe

ion may be a limitation with the OCTOPUS source

which has been used since the cyclotron facility was

completed. On the other hand, the researches require

heavier ion species including metal ions in wider

energy range [1], On this background, we constructed

a new ECR ion source with high performance in

generating highly charged ions and metal ions. The

design of the source, electric current supplies, a

microwave power supply and a beam analyzing system

is described in last annual report [2]. The detailed

design was completed by October, 1993. After being

manufactured, they were installed in the ion source

room cited on the basement of the cyclotron building

in February, 1994. The source was named ECR-18

after the microwave frequency.

Operational Experience
The first plasma was fired at the end of June,

1994 without feeding any gas, because of high

pressure of residual gas which was about 5xlO' 5 Pa as

a base pressure at the extraction chamber, but grew up

higher by one order during the plasma generation.

Vacuum in the plasma chamber cannot be measured

and we speculate it might be higher by one order than

that at the extraction chamber. The first generation

of Ar ion was carried out at the similar pressure, and

we observed Ar^+ in the middle of July.

For a while after that, we concentrated on

adopting a cooling system of the sextupole, since it

turned out that the coil temperature rose to 45 C,

which might lead to 1.5 % reduction of the permanent

magnet field, and might deteriorate the magnet due to

the heat cycle. The cooling is made by forced air fed

from an opening between the mirror and the solenoid

coils. The air passes through narrow gaps around 3

mm between the coils and outer surface of the

sextupole magnet cover, and goes outside from the

opening between the mirror coil and the plasma

chamber. Air flow at about 10 1/min can successfully

keep the sextupole temperature lower than 33 C.

The residual gas pressure became lower down to

l.SxlO^5 Pa at the extraction chamber after a number

of operations, and we observed Ar ions whose charge

states were up to 11+. We attached an additional

vacuum port at the end of the plasma chamber

equipped with a 50-1/s turbo-molecular pump (see Fig.

1). As a result, vacuum was improved to 8.8xlO"6

Pa, and A r ^ + was observed. However, the base

pressure rapidly grew five times higher at the

extraction chamber during operation. This was partly

caused by the hit of the beams onto slits, a Faraday

cup or a vacuum chamber, bacause the pressure quickly

responded to the microwave power and a drain current

of the extraction voltage supply. In addition, slow

increase of the base pressure was also observed which

doubled in an hour. It is assumed to be caused by

outgas from some materials heated inside or outside

the plasma chamber. The outgas source has not been

determined yet. The waveguide is not the oulgas

source. At the beginning of the test operation, it was

found that some parts of the waveguide were heated up

over 50 C at 500 W microwave power, especially

high at the vacuum window. Therefore heat radiation

fins were attached to the heated parts and blown by

fans. Every part of the waveguide is now as cool as

room temperature at power below 500 W. It is

considered that the outgas flowed into the plasma

chamber and prevented generation of higher charge

states than Ar1 2 + .

Charge State Distribution of Ar Ions
In generation of Ar ions, Ar gas flow rate can be

optimized, while feed of oxygen as a support gas

always reduces the ion beam currents. This

suggests that the plasma chamber is filled with so

much outgas that the pressure is out of control. The

charge state distribution of Ar ion is shown in Fig. 2.

The highest ion current was obtained at Ar8"1". This

distribution is similar to that for the OCTOPUS
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source both in the optimum charge state and the

gradient of decreasing current with charge state.

The typical operating parameters for Ar1 2 + are

as follows; Imirrorl = 700 A, Imirror2 = 665 A,

Isolenoid = 434 A and Pmicrowave = 300 W, Vex=8

kV (see Fig. 1 for the coil layout). The solenoid coil

is used around 60 % of the full excitation which

corresponds to the mirror ratio 2.4. The solenoid field

is higher for higher charge state; the field for Ar1 2 + is

4 % higher than that for Ar8+, for example.

We checked the demagnetization of the sextupole

magnet to confirm if it might cause the charge state

limitation. The sextupole field strength measured

before the first operation was 1.40 T at the magnet

surface and 1.25 after observation of Ar1 2 +. This

indicates that demagnetization is not appreciable

within the measurement error. The field strength is

enough to generate much higher charge state than 12.

As a result, charge state distribution is expected to

change better by improvement of the vacuum so that

the optimum charge becomes higher and the gradient

of decreasing current more moderate.

Summary

The test operation of ECR-18 started in July,

1994, by using Ar ion generation. A vacuum pump

was added at the end of the plasma chamber for higher

vacuum, and charge states up to 12 were observed.

Further improvement of vacuum is needed to attain

higher source performance. The metal ion generation

method, which has been developed with another ECR

ion source now in use, will be applied to the ECR-18

in the next stage. After the completion of

development, the source will be connected to the

cyclotron.
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9 • 5 Temperature Increase of Power Cable Assembly Laid in
Sleeve through Shielding Concrete at Cyclotron Facility

Yoshiteru NAKAMURA
Advanced Radiation Technology Center, JAERI

Introduction
A large number of power cables have to

be penetrated thick shielding walls, because
the power supply room is far from the target
rooms and the cyclotron vault where their
loads such as electromagnets are installed.
Figure 1 shows an example of the installation
of sleeves in the cyclotron facility before
placing of shielding concrete.

Fig. 1 Installation of sleeves before
placing of shie'dh.-g concrete.

Many power cables have usually been
laid in each sleeve so as to occupy 30 % of
the opening space at least for shielding of
radiation streaming. In this geometrical
arrangement, the great part of the quantity of
heat released by the cable conductors may be
accumulated in a cable assembly. Therefore,
temperature increase caused by internal
heating of the cables should be estimated for
safety operation.

The heat resistance for temperature
increase of the cable insulator was made sure
by comparison between thermal analysis and
temperature measurement [1].

Analysis of temperature increase
(1) Quantity of heat

It was found out that the highest
equilibrium temperature is reached for the
cable assembly, which is run through the
sleeve No.3-4 between the cyclotron pit room

and the cable transit room as shown in Fig. 2.
This assembly mainly supplies the electricity
to a magnetic channel and 3 trimming coils
for the cyclotron. Most of the quantity of
heat in this assembly is generated from 16
power cables with a cross-sectional area of
the central conductor of 150 mm2 shown in
Table 1.

Cy c l o t r on
p i t r o o m

( B I )

T h e r m o c o u p l e
p o s i t i o n
• 1 - 1 0

C y c l o t r o n ^
p i t r o o m ; ;

( B I )
• / / -

/

Fig. 2 Layout of sleeves and positions
of temperature measurement.

Table 1 Heat sources of caDle assembly in
the sleeve No.3-4.

Conductor

mm2

150

150
38

5.5

3.5

Total

Resistance

mfi/m
0.123

0.123

0.481

3.32

5.22

~~"

Current

A
260

200

52

10

4

Number of
cables

10
6
3
3

15
37

Quantity
of heat

kcal/h/m

71.5

25.4
3.4

0.8

0.3

101.4

The quantity of heat in the cable
assembly per unit length ,QT, is 101 kcal/h/m
at 30 °Q, when the maximum currents of 600
A and 1300 A arc fed to the trimming coils
and the magnetic channel, respectively.
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(2) Temperature at sleeve surface

A sectional model for thermal analysis of
surface temperatures is shown in Fig. 3.
First, it is assumed that the cable assembly in
the sleeve is suspended in air, the temperature
at the outer surface of the surrounding
concrete ,Ti, is 30 X^ and the cyclotron
system is operated continuously during one
week. The averaged temperature increase is
calculated at 1.9 V over the shielding
concrete bulk, and the inner surface
temperature of the sleeve ,T2, reaches 36 CC.

Cable
assembly

Gap

Sleeve

Temperature: 30 °C

Shielding
concrete

Fig. 3 A sectional model for thermal analysis
of surface temperatures,

(3) Surface temperature of cable assembly

Natural convection under coaxial tube
model in enclosed fluid layer and radiation arc
predominant effect for heat transfer from the
cable assembly to the shielding concrete. A
thermal analysis model for the assembly
consisting of the 24 cables is illustrated with
Fig. 4.

The 21 cables which have the cross-
sectional areas of the conductors less than
150 mm2 are approximately replaced with 8
cables, of which the total cross-sectional area
is equivalent with that of the 21 cables. The
analysis model can be thought so that the 24
cables are closely contacted with each other
for the safety-side analysis.

An equivalent diameter of the assembly
model contributing to the convection loss is
estimated at 0.125 m from geometrical
simplification. The total areas of outer

surface related to radiation loss is evaluated at
0.60 m2 per unit length. The shape factor
concerning the radiation loss is 0.43, since
the cmissivities for inner and outer surfaces
are assumed at 0.6.

,,24.0
Equivalent circle

Central region (T4)

Fig. 4 A thermal analysis model of cable
assembly.

The surface temperature of the cable
assembly was obtained by using the rule of
trial and error under the equilibrium
condition. Finally, the complete balance
between heat generation and loss was
established at a temperature ,T3, of 72 °C.

(4) Maximum temperature in cable assembly

The temperature difference between the inner
and outer surfaces of the insulation layer in
each power cable ,ATc, is subject to thermal
conduction process. A thermal conductivity
of the insulator in the cthylene-propylene
rubber insulated hypalon sheathed flexible
cable (PHCT) [2] is 0.26 kcal/m/h/°C. The
temperature difference ATc is calculated at
1.5 <€.

It is clearly shown that the highest
temperature at the central insulator in the cable
assembly ,T4, is only several degrees higher
than the surface temperature of 72 9C, in
consideration of the temperature difference
ATc and the number of insulation layers from
the outer surface to central region.
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Temperature measurement

(1) Measurement method and position

Figure 2 shows the arrangement of
sleeve No.3-4 and the positions of sheathed
type C-C thermocouples for temperature
measurement. Both ends of the sleeve are
sealed off to meet the requirement of fire-
resistant structure. The measurement data
were recorded at intervals of a few tens
minute using a digital multi-point recorder.

(2) Measured result

The temperatures almost reached a
steady state at about 5 hours after starting
cyclotron operation. A relationship between
the quantities of heat and the temperature
increases at different positions is shown in
Fig. 5. It seems that the temperature
increases rise with the quantity of heat as a
quadratic function.

Thermocouple:
positions

0 10 20 30 40 50 60 70 80
w
H Quantity of heat (kcal/h/m)

Fig. 5 A relationship between the quantity
of heat and temperature increase.

The temperature increase at the
thermocouple position of No.5 & 6 ,ATM,
can be approximated by

ATM = 2.36xW3 Qi2 + 9.14xW2 Qr. (1)

Summary

The maximum temperature increase is
evaluated at 36 °C from the equation (1) for
the QT value of 101 kcal/h/m. This value
agrees well with the calculated value of 34 V
by the thermal analysis. The maximum
predicted temperature in the cable assembly is
a little less than 80 V, which is the limiting
hottest-spot temperature of the PHCT
insulator.

In actual fact, since some parts of the
cable assembly contact with the sleeve surface
and the section of the cable assembly has not
the close-packed structure, the dissipation of
the generated heat is underestimated in the
thermal analysis because of the conduction to
the surrounding concrete and the additional
radiation due to the increase of the total
surface area of the assembly.

Therefore, the author concludes that the
temperatures of the power cable assemblies
laid in long sleeves at the cyclotron facility do
not exceed the tolerable temperature of the
cable insulator even though maximum rated
currents are supplied to their loads.
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9 . 6 Development of high energy single ion hit system combined

with heavy ion microbeam apparatus
T.Kamiya, T.Suda and R.Tanaka

Advanced Radiation Technology Center, JAERI

1. Introduction

The JAERI heavy ion microbeam

apparatus has been applied to analysis of

transient phenomena in single event upsets of

semiconductor devices[l-3]. Transient electric

current induced by a single event was measured

by using a wide-band sampling oscilloscope

under microbeam currents of less than the order

of femto ampere[4,5]. However, continuous

random ion hit on the same position give rise to

more radiation damage. Therefore, the

experiment should be carried out under

irradiating conditions allowing a single or

predetermined number of ion hits.

To make a single ion hit a particular

point, a single ion hit system has been

developed and was combined with the heavy

ion microbeam apparatus to control the number

and the timing of precisely positioned ions.

The performance has been tested for single ion

detection efficiency, beam switching

characteristics and hit timing control. This

paper describes recent technical progress on the

single ion hit system and its performance.

2. Single ion hit system

The single ion hit system consists of a

single ion detector and a fast beam switch. In

the single ion hit system, the fast beam switch

is actuated by a detection signal from the single

ion detector, in order to prevent following ions

passing through the switch from hitting the

target. The schematic diagram of the system

combined with the microbeam apparatus is

shown in Fig. 1.

Single Ion
Detection
System

• Target

MicroChannel Plate
(MCP)

Fig. 1 Schematic diagram of single ion hit
system

Fig. 2 Single ion detector with annular type

MCP.
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A single ion detector consists of a pair

of annular type micro-channel plates (MCP),

both of which obtain their signals from

secondary electrons generated by the single

ion, the first from an ultra-thin carbon foil

penetrated by the single ion, and the second

from a target specimen hit by it. A photograph

of the detector is shown in Fig. 2.

The fast beam switch consists of a 500

V power supplier and an electrostatic deflector

located just after the microslits (MS) in the

beam line, which deflects ions to be cut at the

divergence defining slits (DS). The high

voltage can be dropped by a reset signal of TTL

level positive pulse supplied from a pulser, as

shown in Fig. 1. This means that the timing of

single ion hit is controllable within the variation

of each time interval due to random ions

passing at the beam switch. The number of ion

hits on the same targeting position can be also

controlled according to the preset hit number.

3. Detection efficiency and switching

time

At the first place, the detection

efficiency for incident ions was measured on an

MCP for 15 MeV nickel ions from the tandem

accelerator. The detection efficiency was

evaluated at 100 %. The MCP noise

component was less than 10 counts per second.

A detection efficiency for cc-rays from 241Am

was 90 % under the same detecting condition.

The difference in the detection efficiencies can

be explained by that of the emission efficiency

of secondary. Improvement of the detection

efficiency is necessary for relatively low LET

ion beams. It is expected that there is not large

difference between the detection signals of the

MCPs on the target side and the carbon foil

side. The contribution of the error coincidence

signal generated by noise signals can be

neglected in comparison with the real

coincidence signals.

Fig. 3 Oscillographic traces of high voltage

of the fast beam switch and the single ion

detection signal. The switching time is given

by the time difference between two pules.

Figure 3 shows an example of the time

delay of 150 ns from a detection of a single ion

to the rising of the high-voltage in the fast beam

switch in an oscilloscopic measurement.

However the switching time is determined not

only by the ».blay time but also the flight time of

the ions between the beam switch and the

single ion detector. The flight time of 15 MeV

Ni ions is evaluated at 570 ns for that flight

path of about 4 m. Therefore the switching

time is 720 ns in this case. The multiple ion hit

of the following ions which pass though the
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beam switch within a switching time after a

single ion hit should be considered to reduce

erroneous hits. Since ion incidences at the

beam switch are random events, the probability

that an ion incidence occurs within a given

short time t, which is 7.2 X 10"7 s in this case,

is given by

p = 1 - e"'/T

where x is the mean time interval between

successive two ion incidences which is given

by inverse of the number of ions passing per

unit time through the fast beam switch.

Therefore the incident beam current should be

reduced several order in magnitude smaller so

that the value of p may be tolerable in a single

ion hit experiment. If the tolerable value of p

is 0.01, x should be larger than 7.2 X 10"5 s,

according to the equation, and the beam current

should be less than 2 fA. We will be able also

to control the beam current of less than femto

ampere order in an accuracy of 0.01 only by

frequency control of the HV-off pulse in the

fast beam switch.

4. Summary

A high-energy single ion hit system

was combined with the JAERI heavy ion

microbeam apparatus. The timing and the

number of ions hitting the target can be

controlled by a single ion hit system consisting

of a single ion detector and a fast beam switch.

Detection efficiencies for single ions

were evaluated at 100 % for 15 MeV Ni ions

by using annular type micro-channel plates.

The switching time of 15 N4eV Ni ions is

evaluated at 720 ns. The conJroIIable range of

the beam current for the periodic ion incidence

at the target was estimated at femto ampere

order or less with a multiple ion hit probability

of 0.01 within the switching time.
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9 . 7 2 MeV Sub-micron Microbeam Focusing

T.Kamiya, T.Suda and R.Tanaka

Advanced Radiation Technology CenterJAERI

1. Introduction

Submicron beam technique is under

development using the light-ion microbeam

apparatusfl] connected with the 3 MV single-

ended accelerator^] in TIARA, JAERI[3].

Figure 1 shows a schematic diagram of the

whole system consisting of the accelerator, the

beam energy analyzing system and the

microbeam lens system equipped with a

precision doublet quadrupole magnet. A

minimum beam spot size of 0.4 X 0.4 |im2 in

FWHM so far has been obtained with a beam

current of 77 pA[l].

3MV SINGLE-ENDED ACCELERATOR

BEAM ENERGY ANALYZING SYSTEM

MICROBEAM FOCUSING SYSTEM

MAGNET
TARGE

Fig. 1 Plane view of the accelerator, the beam

transport system and the microbeam line.

We are still aiming to achieve a smaller

beam spot size of less than 0.25 |im with

higher beam current for the highest spatial-

resolution in materials analyses using PIXE,

RBS and NRA[2-4]. Since the detectable limit

in such ion beam analyses is set by the

minimum incident ions required at a beam spot

on a specimen, the high beam current is

required to reduce analyzing time at the beam

spot, especially for high-resolution analysis.

We measured the beam size and the

beam brightness using 2 MeV helium ions

under the condition that the voltage ripple of the

accelerator and the energy resolution of the

beam energy analyzing system are set at the

minimum values, respectively. We also

calculated the relationship of the beam

brightness and the beam size with the energy

spread of the beam extracted from the

accelerator and the energy resolution of the

beam energy analyzing system by using the

second-order calculation the code,

TRANSPORT^].

This paper describes the result of beam

size measurements and calculations.

2 Measurement of brightness and beam

size

The beam size and the beam current at

the target was measured for 2 MeV He ion

beam under the conditions of a terminal voltage

ripple of ±2.0 X 10"5 and an energy resolution

of the beam energy analyzing system of 5.6 X

10~5. The X-Y gaps of the microslits were

varied from 2 X 10 to 18 X 90 urn2. The gaps
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of the divergence defining slits at the distance

from the microslits of 4 m were fixed at 600 X

600 fim2. The beam size was measured by

using a test sample, a silicon wafer with a line-

and-space relief pattern on the surface[8,9].

The results of beam size measurements

are shown in Fig. 2. The beam sizes are

plotted by open and closed circles indicating the

beam size in the horizontal and the vertical

directions, respectively. Figure 3 demonstrates

a secondary electron image of a part of the test

sample with high spatial resolution of

submicron order. The smallest beam size of

0.3 X 0.3 (im2 and the beam brightness of 9.5

pA p.m"2mrad"2 were measured at the microslit

gaps of 4 X 20 urn2. Because of similar

brightness to the previous result[l], the smaller

beam current and also the smaller beam size can

be explained by the smaller beam divergence,

which varied both the beam current and the

aberrations. In order to not only reduce the

beam size but also increase the beam current,

the optimization of the microbeam lens system

such as the geometric alignment should be

made more precisely to decrease the coefficients

of the parasitic aberrations.

3. Calculation and discussion

The beam size and brightness were

calculated for two selected conditions of

terminal voltage ripples of ±2 X 10"^ noted by

Srip and ±1 X 10"4 by Lrip, and also for two

values of energy resolutions of the beam

10.0

E

g
CO

1.0

0.1

Calculaled (1).(2)X

.. .Ca lcu la ted(4 )X
O Measured X

.Ca lcu la led (3) Y
_ - • . Calculated (4) Y

• Measured Y

Measured tor 2 MeV He ;

c

10

Microslit Gap ( nm)

100

Fig. 2 Measured and calculated beam sizes vs.
gaps of the microslits. The measured beam
sizes of X and Y are indicated by open and
closed circles, respectively. Calculated beam
sizes in four cases: (1) Sri and Sres, (2) Srip and
Lntt (3) Lrip and Sm, and (4) Lrip and Lm. are
indicated by rigid and broken lines with various
width for the horizontal (X) and the vertical (Y)
directions, respectively.

Fig. 3 Secondary electron image of the line-
and-space relief pattern on the surface of a
silicon wafer, which was scanned by 2 MeV
He microbeam with the beam size of 0.3 X 0.3
|im2, with the beam current of 11 pA and with
the scan area of about 12X12 jxm2. The
resolution of the image is 150 X 150 pixels.
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energy analyzing system of 5.6 X 10"^ noted

by Sres and 2.8 X 10'4 by Lres, corresponding

to the object slit gaps of 0.2 and 1.0 mm,

respectively. It means that there are four

combinations: (1) Srip and Sm, (2) Srip and Lre?,

(3) L,p and Sres, and (4) Lrip and Lre,

Calculated results of the full width of

the beam at the target are summarized in Fig. 2

with the measured ones. No dependence of the

beam size on the energy resolution of the beam

energy analyzing system for the small terminal

voltage ripple, Srip means that the energy

variation is dominated by the ripple. However

the energy variation of the beam extracted from

the ion source may be larger than the energy

resolution of Sres, which results in the

calculations for (3) and (4).

The measured data deviate from the

calculated one both in the relatively wide and

narrow microslit gap regions. The deviation in

the wide gap is partially due to the deference in

the way of the beam size estimation between the

calculation (the full width) and the measurement

(FWHM). It is presumed that the higher order

intrinsic spherical aberrations and some

parasitic aberrations such as the rotational one

still contribute to the saturation at the 0.3 [im

level.

4. Summary

The JAERI light-ion microbeam

apparatus was constructed for high spatial-

resolution beam analysis using PIXE, RBS or

NRA with sufficient beam current. The

minimum beam spot size of 0.3 u,m with a

beam current of 11 pA was obtained with a

doublet quadrupole lens system. The beam

quality will be improved by optimization of the

operation parameters of the RF type ion source

or by replacement with any other type ion

source with higher brightness and with smaller

energy variation in order to obtain the beam

current of 100 pA with the beam spot size of

0.25 |im. Another method of improvement is

to decrease the coefficient of the parasitic

aberrations by optimization of the microbeam

lens system such as the geometric alignment.
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9 . 8 Fluence Uniformity Measurement of Two- Dimensionally
Scanned Radiation Field of 400 kV Ion Implanter

Kiyoshi MIZUHASHI, Suwat BUNNAK*. Kiyonori OHKOSHI,
Satoshi TAJIMA and Ryuichi TANAKA

Advanced Radiation Technology Center, JAERI
*Office of Atomic Energy for Peace (OAEP) in THAILAND

1.Introduction
Accurate measurement of the fluence

uniformity of two-dimensionally scanner radiation
fields is required for various ion irradiation
experiment using a 400 kV ion implanter. We
adopt an electrostatic type beam scanner for
uniform irradiation. For study of fluence uniformity
in target fields of the ion implanter, thin plastic film
dosimetry is now the best candidate because the
thickness of the radiation sensitive layer of
dosimeter should be thinner than the penetration
range of incident ions.

2.Design of beam scanner
A beam scanner was installed on a general

purpose beam line (IA) to provide uniform
radiation field for a wide target area. We designed
an electrostatic type scanner, which have higher
frequency characteristics than magnetic-type
one. The main design parameters are listed in
Table 1.

Tablei. Main design parameters of beam scanner

Length of electrode (X,Y)
Gap distance of electrodes
Scanning voltage
Scanning frequency

400 mm
40 mm

- ± 3 k V
10-1,000 Hz

Distance from Scanner to Target
(X)
00

2,200 mm
1,800 mm

The scanning width W was calculated by the
equation

W =

Where Li is the electrode length (mm), L2, the
distance between the target and the scanner
(mm), d, the gap distance of electrodes (mm), V,
the scanning voltage, and Vo, the accelerating
voltage (kV). This scanner has a capability a
scanning area of 160 X120 mm at ± 3 kV.
However, the practical maximum of the scanning
area is 20 X 20 mm in consideration of beam
transport for IA line.

3.Measurement method
A simple method to measure the uniformity of

scanned beam irradiation is spectro-photometry.
After irradiation of a film dosimeter, the beam
fluence distribution is measured by the spectro-
photometer in terms of radiation induced optical
density.

We adopt the GAF (GAFCHROMIC) dosimeter
for low-energy ions, because it has a very thin
radiation sensitive layer of 7 p. m , which is coated
on 100 p.m thick polyester substrate.

3.00
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•<2 2.00 r
CD

2 1.50s
£1.00

0.50

0.00
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Relative Dose In Terms of Irradiation Time

Fig.1 Relative dose response of GAF dosimeter
(analysis wavelength: 500 nm)
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It has been used for 7 , X rays and electron
beam dosimetry as one of commercially available
films 1). Irradiation makes the color of GAF
dosimeter change from transparence to deep
blue. Using the relative dose response as shown
in Figure.1, the radiation optical density (O.D.) at
an analysis wavelength can be interpreted to
relative absorbed dose. The LET effect on the
dose response of GAF dosimeter has not been
taken into account in the interpretation.

4. Result
On the basis of above design, we fabricated

the scanner and checked the fluence uniformity
in the scanned radiation field using 400 keV
proton beams. GAF sheets were irradiated for 5
second with a beam current of 1 nA. The
scanning frequency was 179 Hz and 562 Hz in
the X and Y directions, respectively.

The proton beam has a long penetration range,
which almost passes through the sensitive layer
of GAF dosimeter. The dose response was
measured in terms of O.D. by using a scanning
type micro-spectrophotometer ( Model NML-301
) with an analyzing light size of 0.5 X 0.5 mm.
Figure.2 shows a relative equi-dose map of the
scanned radiation field using 0.02 step contour
lines in terms of O.D.. The fluence or dose
uniformity in the area of 20 X 20 mm is within ±
7%, except for the fringe of the radiation field.

Xaxis(mm)

Fig.2 A relative equi-dose map for 400 keV
protons (Contour lines: 0.02 steps)

5.Response of GAF dosimeter for Ar beam
The dose response of GAF dosimeter was

measured using Ar+1 beams of energies ranging
from 100 to 400 keV. Figure. 3 shows O.D.
values and the penetration range as a function of
the ion energy. The O.D. value has a threshold at
an energy of about 200 keV. The threshold in
the O.D. change suggests that there is a very thin
radiation-insensitive layer on the surface of the
GAF film, or ion spattering makes the GAF
dosimeter radiation-insensitive in the thin surface
layer.

o.o
0.5 1 1.5 2 2.5 3 3.5 4

Ar energy (X100 keV)

Fig.3 O.D. change and penetration range in
polyester as a function of Ar ion energy

6.Summary
A beam scanner was installed on IA line of the

400 kV ion implanter, and the fluence uniformity
measurement of the scanned radiation field was
studied using GAF dosimeters. From spectro-
photometric analysis of irradiated GAF sheets, the
uniformity over a 20 X 20 mm area is estimated
within ±7%, except for the fringe part.

REFERENCE
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A302(1991)165
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9 . 9 Acceleration of Cluster Ions by 3 MV Tandem

Y. Saitoh, S. Tajima, I. Takada, K. Mizuhasi, S. Uno, K. Okoshi,
Y. Nakajima, and Y. Ishii

Advanced Radiation Technology Center, JAERITAKASAKI

1. Introduction
Implantation of cluster ions, which

consist of many atoms, in materials has
been remarked by their strange behaviour,
and expected for materials modification.
Some experiments have been done by using
cluster beams in the energy range about 100

keV and interesting results have been
reported. Since then, implantation of MeV
energy cluster ions has attracted more
attemtion[l]. MeV cluster ions offer the
possibility of bombarding material surface
instantaneously with a large number of atoms
within a very small area. As a result, an
extremely large energy is deposited on the
material. Such kind of processes are of great
interest not only for materials modification
but also fundamental materials science[2]. In
this paper, the experimental results of
accelerating C2~s, Si2~4, and 02 cluster
ions to 6 MeV and optimization of ion source
conditions with carbon clusters are reported.

2. Generating cluster ions
Negative cluster ions are extracted

from a cesium sputter type ion source
(nec.-SNICSS). To increase the post
accelerating cluster beam current of carbon,
the ion source conditions, such as cesium
sputtering energy, structure and
temperature of the sputtered material (
sputter cathode ) have been optimized. As a
result, graphite-form cathode with a

cooling system can provide the most effective
carbon cluster mass spectrum, and there are
no relationship between the mass spectrum
and the cesium sputtering energy in the
range of 6 to 8 keV. The mass spectrums
in the best condition is shown in Fig. 1. Fe2
O3 and the single crystal silicon are used for
generating O2 and Si cluster ions,
respectively, because these materials can
provide the maximum beam current of single
atom ion. The Si cluster mass spectrum is
shown in Fig. 2.

3. Accelerating cluster ions
The 3MV tandem accelerator can

make cluster ions of MeV energy, but most
of cluster ions are dissolved into smaller size
or atoms by collisions with the charge
exchange gas(N2) in the high voltage
terminal. We could obtain positive cluster
ions passing through the gas part by reducing
the gas pressure by one order comparing
with the normal operation. As a result, 1.5

nA of Cs, 1 nA of Si<, and 3.7 nA of O2
cluster beams were obtained. These beam

intensities are enough for fundamental
experiments of materials science. Each
cluster beam current respecting to the gas
pressure in the energy of 6 MeV (we could
not find multi-charged cluster ions by the
Farady cup in this time) is shown in Fig. 3~—
5.
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9 - i o Energy Calibration of Single-ended Accelerator

Y. Ishii, S. Tajima, I. Takada, K. Mizuhashi, Y. Saitoh,
S. Uno, K. Okoshi, T. Kamiya and R. Tanaka

Advanced Radiation Technology Center, JAERI

1.Introduction
The 3MV single-ended accelerator

was designed to have a voltage stability
below ±lxl0-5(8V/V) and the stability
has been already measured by using high
accuracy dividing resister and CR
dividing system1). The beam quality
which dominates the performance of a
microbeam2) in submicron-level mostly
depends on the energy spread of the
accelerated beam, and the energy spread
depends not only the voltage stability but
also the energy spread of the injection
beam from the ion source.

There are two methods for
determining the beam energy; the one is
the method using the analyzing magnet
and the another is the method using
nuclear reaction. In the former, a
defining of the absolute energy is
difficult because the bending radius of
the magnet can not be determined
exactly. The latter allows to calibrate the
energy accurately and also to measure
the energy spread. The nuclear

resonance reaction of 27Al(p,y)28Si 3>i4>
emits y-ray at a specific energy,
0.992keV, of proton, and the width of
resonance is 50eV. If we use a thin
target in which energy loss for proton
can be negligible, the beam energy
spread may be defined with a resolution
of about 50eV. Since the width of the
resonance reaction is very small, it is
necessary to know the absolute beam
energy before measuring the energy
spread. The voltage meter of the single-
ended machine has not been re-calibrated
after exchange the dividing resisters. The
acceleration energy was calibrated using
the above reaction at about 1MV.

This paper reports the result of
the beam energy c.\-Oration of the single-
ended accelerator.

2. Experiment

The chamber for energy
measurement shown in Fig.l was
connected to the beam line of the single-
ended accelerator. The thickness of the
aluminum target is O.lum. The target is
insulated from ground because a bias-
voltage up to lOkV is applied to the
target. The y-yield at an energy of
1.77MeV from the target was detected
with a 3"x 3" Nal scintillation detector
placed close to the target at an angle 90°
against beam axis.

The proton energy was varied
from 1012keV to 1018keV on the meter
indication and the y-yield was
normalized by scattered protons detected
with a SSD in the chamber.

3. Result
An energy shift of 22 keV was

observed between the reaction energy of
992 keV and a indicated energy of 1014
keV as shown in Fig. 2. Therefore, the
indicated voltage measured by dividing
resisters is 22 kV higher than the
absolute voltage around 1MV.

Next step, We will apply the
variable bias-voltage to the thin target,
0.01 Jim of thickness, to finely controle
the beam energy. The beam energy
spread will be obtained with high
resolution in this method.

Reference
1) Y. Ishii et al., TIARA annual report
Vol.3 p227 (1993)

2) T. Kamiya et al., TIARA annual
report Vol.3 p 196 (1993).
3) J.W. Mayar and E. Rimini, Ion Beam
Handbook for Material Analysis,
Academic Press, 1977.

4) S.A. Brindhaban et al., Nucl. Instr.
Meth. A 340(1993)436.
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Fig.l The block diagram of the energy measurement system.
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Target: Al(lOOnm) on Ta
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Fig.2 Relation between the terminal voltage and y yield of 27Al(p,y)28Si.
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9 . 1 1 Preliminary Study of Ultra-Fine Microbeam II

Yasuyuki Ishii, Ryuichi Tanaka and Akira Isoya
Advanced Radiation Technology Center, JAERI

1. Introduction
High-energy ion microbeam of a

beam size of 0.1 (im order will be useful
for analysis of the inner-structure and
cosmic ray induced singe-event effects
of microelectronic devices.

We are planning to produce an
ion microbeam of 0.1 nm or less, by
using an acceleration lens, consisting of
entrance aperture lenses. This type of
lens makes possible high degree of
demagnification, being associated with
the acceleration process, owing to its
property of low spherical aberra-
tion[l,2]. This lens makes a very small
virtual image close to the entrance
aperture when the ratio of final to
incident energies is large. A ultra-fine
focus is formed at the target as a real
image by using another acceleration
lens.

To take full advantage of the
accel lens in reducing the beam size, it is
highly desirable to use an injection
energy as low as possible. As an effort in
this direction, we have developed a way
to extract ion beam of nearly thermal
energy from discharge plasma of a
duoplasmatron-like ion source. A lens
optics calculation indicates that using this
type of injection beam of very low
energy, high degrees of demagnification
can be attained with the low spherical
aberration enough to get a 0.1 urn focus.
In this situation an important require-
ment for the initial beam is that the ion
energy spread is small enough.

This article describes results of
measurement on the energy spread of
the beam which were obtained by the
above-mentioned method.

2. Ion Source for Ultra-Fine Microbeam
Apparatus

To meet the above requirements,
we made an ion source, which is similar
to the duoplasmatron in the construction,
as shown in Fig.l, but is made of non-
magnetic matcrial(SUS304) as the anode
electrode to eliminate abrupt change of
the magnetic fieid strength along the
beam path at the exit hole position.
Magnetic flux, then, extends nearly in
parallel up to an extraction

This anode exit hole construction
allows the ions of plasma state to get out
of the hole almost without acceleration,

and to be transmitted to the extraction
electrode. The ions are accelerated from
the plasma beam in high vacuum
(p<5xlOJ'Pa), so that collisions with
residual gas are not expected to occur,
conserving the original energy width

3. Production of Low-Energy Ion Beam
with a Small Size

A voltage of 20 to 50V is applied
to the extraction electrode. Ions are
accelerated from a tip of the plasma
beam extruding from the anode exit hole
to the extraction electrode, and the ions
passing through a small hole (0.1mm in
diameter) on it are further accelerated by
an accelerating gap just behind the hole.
By this way a considerable amount of
ion current(10-50nA) could be obtained
on a collector(with a slit lmm in
diameter) a part from about 10cm from
the injection slit with a fairly low
emittance at very low accelerating
voltage (much less than 100V).

4. Energy Spreads of Extracted Beam
A uniform electric-field type

energy analyzer[3], as shown in Fig.l,
was made to measure the energy spread
of the ion beam. In this configuration a
collector current of the analyzer
represents the intensity of the component
which corresponds to the voltage
between the electrodes.

Observed spread of the ion
energy in the H+ beam is shown in Fig.2.
Here the reppeller potential is swept
around the anode potential of the ion
source. The horizontal axis represents
the accelerating voltage relative to the
anode.

The energy spreads were evalu-
ated to be less than 2eV in FWHM.
Actual energy spreads should be a little
less than these values when the
instrumental width is subtracted.

5. Summary
A duoplasmatron-like ion source

with a special exit hole design was tested
for extraction of extremely low energy
ions. A non-magnetic anode electrode
was used to extract ion beam of plasma
state from the source. H2

+ beam of a
considerable intensity could be obtained
through a hole of 0.1mm in diameter on
the extraction electrode with the energy
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much less than lOOeV. The energy
spread of the H2* beam was analyzed to
be less than 2eV in FWHM by using a
uniform electric field-type energy
analyzer. This result meets the require-
ments for the initial ion beam to form
the ultra-fine microbeam of a size of
O.lnm.

Reference
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[3] J. R. Pierce, Theory and Design of
ELECTRON BEAMS (D. VAN
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9 . 1 2 Development of a High-precision Beam Profile Monitor

H. Kobayashi, T. Kurihara, T. Urano, T. Suwada, R. Tanaka*,
S. Okada*, S. Masuno* and Y. Aoki*
National Laboratory for High Energy Physics (KEK), Japan Atomic
Energy Research Institute*

Abstract
It is very important to get a real

image of the beam from the injector linac.
Therefore, it is desirable to monitor the
beam position and beam profile as well as
the beam current in the linac. Alumina
screen (Desmarquest AF995R, chromium-
activated alumina ceramics ), is often used
as a beam profile monitor for diagnosis of a
linac beam. Typical thickness of alumina
phosphor screen is about lmm. Especially
for the low energy beam part of the linac,
scattered electrons in such a thick screen
produce enlarged beam profiles. A thin film
phosphor screen with chromium ion
implanted alumina has been designed and
manufactured to produce a high-precision
beam profile monitor.

Introduction
The demand of a low-emittance

electron linac has increased in these years,
for applications such as the free-electron
laser, coherent synchrotron radiation, and
others. It is very important to transport and
accelerate the beam emitted from the
cathode with negligible emittance growth.
There is some attempt to build up an
emittance measurement system for a low
emittance beam*). A plastic scintillator

which is 10 |im thin and has a fast
scintillation characteristic has been adopted
to measure the beamlets1 image with a high
temporal and spatial resolution. Silver (30
Angstrom thin) was deposited on the
scintillator surface by vacuum evaporation
to avoid charge-up. This experimental set
up is for off-line use. An inorganic
scintillator with thin thickness is necessary
for the injector linac. We try to make a
oxide layer on aluminum surface. With ion
implantation technique, we could get a
polycrystalline ruby in oxide layer on
aluminum surface. As the first trial, we
have made preliminary experiments to show
the possibility to make nearly 10 p.m thin
oxide layer on aluminum and to make

polycrystalline ruby layer on alumina with
chromium ion implantation technique.

Experimental
The aluminum anodizing technique

has been established and is widely applied to
metal surface technology to coat or color the
surface of aluminum^.j). We applied this
technique to produce thin film scintillator.

Aluminum plates of purity 5N were
electrically polished in a 3N NaOH bath at
room temperature with a dc density of 500

Reactions are as follows,
Anode

2A1 + 3H2O -> AI2O3 + 6H+ + 6e-
Cathode

6H+ + 6e" -> 3H2
The average direct anodic current was fixed
at 20 mA/cm^. Thickness of alumina layer
as a function of oxidation time is shown in
Figure 1.
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Fig. 1. Thickness of alumina layer as a
function of oxidation time.
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Compared with other method (for example,
vacuum evaporation technique or sputtering
technique), one could easily get a nearly 10
|im thin oxide layer with reasonable time by
the aluminum anodizing technique.

Alumina plate of thickness 0.125 mm
purchased from ASAHIKASEI Co. was
prepared as a starting material. Purity of
alumina was 99.9wt.% AI2O3. Specimen
size was 20 mm.x 20 mm. Specimens were
implanted at room temperature with 200
keV or 800 keV chromium to fluences in the
range 1 X 101 2 /cm2 - 1 x 101 6 /cm2.
Chromium ion implantation profiles have
been generated for alumina using the
simulation code TRIM. Figure 2 shows the
implantation profiles for 10 keV to 1 MeV
chromium ion in alumina.
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Fig. 2. Implantation profile of Cr in AI2O3.

Takasaki Ion Beam Implanter and Tandem
Accelerator were used for this implantation
experiment.

After implantation, specimens were
mounted on the specimen holder of the beam

profile monitor test bench in KEK. These
specimens were irradiated with 150 keV
electron beam from the linac. The intensity
of the linac beam was measured using the
current monitor. The peak current of the
beam was 200 mA. The beam was 5 |is
pulse width and lHz repetition rate.
Emission from the specimen was taken by
CCD camera. Beam test was done by the
experimental set up shown in Fig. 3.

Phosphor Screen

CCD Camera

tZD

Viewing Port

Vac. Gage

Vac. Pump

Fig. 3. A schematic view of a beam profile
monitor test bench.

Results
Optical measurements were done

with specimens as implanted. Compared
with Desmarquest AF995R, no light
emission from implanted alumina was
observed yet. Naramoto et al.4) pointed that
in the temperature range of 1200 °C to 1300
°C , substitutional damage recovery has
taken place in both the Al and O sublattices,
and at these temperatures, one begins to see
significant Cr incorporation into
substitutional lattice sites. Recovery process
is necessary to get emission from this
specimen.
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UTILIZATION OF TIARA FACILITIES

Utilization and Coordination Division,

Advanced Radiation Technology Center, JAERI

1. Introduction

TIARA is a center of the ion accelerator
facilities for ion beam applications that is
composed of three buildings and four ion
accelerators, i.e. an AVF cyclotron, a 3MV
tandem accelerator, a 3MV single-ended
accelerator, and a 400kV ion implanter. The
cyclotron and the tandem accelerator have been
served for research applications since FY
1990. The single-ended accelerator and the
ion implanter were also started for research use
in January 1994.

2. Utilization System

TIARA is opened for public use: it receives
applications of the experimental subjects once
a year from users in wide areas as well as
JAERI staffs, and the subjects are approved
after official investigation by TIARA General
Program Committee(GPC). The utilization
day of each accelerator is fairly allotted to the

subjects three times per year by Program
Advisory Committee under the GPC that are
both publicly organized.

Charges for the utilization by visitors are
remitted in the case that the outer users have
concluded a contract of the joint research
(between JAERI and a university or a
company) or that of projective joint research
between JAERI and universities; the results of
research have to be published at the TIARA
Research Review Meeting and in the JAERI
TIARA Annual report in these cases. There is
another system of visitor use with charges but
without the publication duty.

3. Experimental subject approved

Number of subjects approved in FY 1994
for the experiment using cyclotron was 51 and
that using three electrostatic accelerators was
42. Subject numbers in each research field are
shown in Table 1, and those in each category
of relations with users are in Table 2.

Table 1. Number of experimental subjects
at various research fields.

Table 2. Number of experimental subjects
at various relations with users.

^"^.^^^ Accelerators
Fields o t S .
Research ^""N^^

Materials for space

Materials for fusion

Biotechnology

Functional material

R I & nuclear chem.

Radiation chemistry

Basic technology

Others

total

number of subjects

cyclotron

6

3

9

9

7

6

9

2

51

clctrostatic
accelerators

3

12

2

18

0

0

6

1

42

^""">»»»^Nî  Accelerators
Relations ^****>»v>>>>^
with visitors ^ - - . s ^ ^

JAERI
only

Takasaki Establishment

others

Cooperative rcscaich w\h university

The JAERI-univcrsitics collaborative
research program

Joint research with private company
or governmental institute

Cooperative &Joint Researches

Visitors use with charges

total

number of subjects

cyclotron

12

7

12

11

8

1

-

51

electrostatic
accelerators

14

9

9

7

3

0

-

42
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4. Allotted time to users

Table 3 shows officially allotted time of
accelerator utilization to every research field at
each period (6-1, 6-2, 6-3) in FY 1994. Table
4 also shows the allotted time to ever}' group
classified with the kinds of users. The
utilization time is allotted to the user by unit of
day; one day means a daytime from 9 a.m. to 6
p.m. in case of the electrostatic accelerators.
In case of the cyclotron one day means a

daytime (9 a.m. to 6 p.m.) or a night (6 p.m.
to 9 a.m.) since the cyclotron has been
continuously operated from Monday to Friday.

As shown in Table 3, the cyclotron was
used at the various research fields, and the
electrostatic accelerators were mainly used at
the research field of functional material. The
ratios of allotted time to JAERI staffs were
ca.40% in the cyclotron utilization and ca.
70% in the whole utilization of electrostatic
accelerators, ss shown in Table 4.

Table 3. Utilization of accelerators in FY 1994 at various research fields.

^ > v Accelerators
Fields f f ^ ^ s -

Research ^ N .

Materials for space

Materials for fusion

Biotechnology

Functional material

R I & nuclear chem.

Radiation chemistry

Basic technology

Others

total

6-1

15.7

2.0

8.2

5.0

10.0

12.7

22.2

3.3

79

cyclotron

6-2

15.5

1.5

7.0

7.0

9.0

9.0

19.5

2.5

71

6-3

12.7

0

5.8

4.7

8.0

7.7

12.5

1.7

53

total

43.8

3.5

21.0

16.7

27.0

29.4

54.2

7.5

203

utilization days

tandem accelerator

6-1

13

10

4

14

8

0

49

6-2

11

8

4

18

7

0

48

6-3

9

10

2

13

10

0

44

total

33

28

10

45

25

0

141

at each period

single-ended accelerator

6-1

0

13

0

23

7

0

43

6-2

0

17

0

27

11

0

55

6-3

0

14

0

20

8

0

42

total

0

44

0

70

26

0

140

6-1

0

4

0

35

2

0

41

ion implantcr

6-2

0

9

0

30

2

0

41

6-3

0

7

0

31

2

0

40

total

0

20

0

96

6

0

122

Table 4. Utilization of the accelerators in FY 1994 at various relations with users.

^ ^ " • ^ ^ ^ Accelerators
Relations ^"""^^^^^
with visitors ^""""^-v^^

JAERI
only

Takasaki Establishment

others

Cooperative research with university

The JAERI-univcrsities collaborative
research program

Joint research with company or
governmental institute

Cooperative &Joint Researches

Visitors use with charges

total

6-1

24.9

7.0

8.6

26.3

9.8

2.5

1.0

80

cyclotron

6-2

21.3

7.5

7.0

13.8

20.0

1.4

3.0

74

6-3

18.2

5.0

4.4

8.7

15.7

1.0

5.0

58

total

64.4

19.5

20.0

48.8

45.6

4.9

9.0

212

utilization days

tandem accelerator

6-1

19

8

7

4

11

0

49

6-2

19

6

3

10

10

3

51

6-3

19

11

2

3

9

4

48

total

57

25

12

17

30

7

148

at each period

singl-cndcd accclcr.

6-1

23

13

1

6

0

0

43

6-2

29

15

2

9

0

0

55

6-3

20

14

2

6

0

0

42

total

72

42

5

21

0

0

140

6-1

28

4

4

5

0

0

41

ion implantcr

6-2

24

6

8

3

0

3

44

6-3

21

7

4

8

0

0

40

total

73

17

16

16

0

3

125
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1 0 . 2 Operation of AVF Cyclotron

Kazuo ARAKAWA, Yoshiteru NAKAMURA, Watalu YOKOTA,
Mitsuhiro FUKUDA, Takayuki NARA, Takashi AGEMATSU,
Susumu OKUMURA and Ikuo ISHIBORI
Advanced Radiation Technology Center, JAERI

The JAERI AVF cyclotron was smoothly
operated according to a beam-time allotment
approved in program advisory committee.
The cyclotron is usually operated weekly.
The weekly operation is carried out
continuously from Monday morning till
Friday evening. Regular yearly over-haul
was carried out for 5 weeks in the summer.

The total operation time in FY 1994 was
3068 hours, and monthly operation times are
shown in Fig. 1. The percentage of time used
for experiments, beam developments, and
tuning were 83.0%, 6.0% and 11.0%,
respectively. The beam time for experiments
was 2555 hours in FY 1994 . Twenty-five

ion species including four new ions, H+ (60,

90 MeV), 16O6+ (160 MeV) and 20Ne8+ (350
MeV), were provided for experiments. The
accelerated particles and their beam time are
also shown in Fig. 2. The beam time for
heavy ions exceeded 50% of all as shown in

Fig. 2. A single pulsed beams of 12C5+ (220
MeV) ion were also provided for experiments
using a beam chopping system.

The aluminum rotor wings and stator ones
of the turbo-molecular pump were destroyed
completely. The fine broken pieces of
aluminum were scattered in the ducts of the
beam transport lines. More than 100 hours of
time lost was due to this trouble and we had
to cancel or reschedule the beam time for
repair.

In order to meet the requests from many
groups of researchers, the accelerated
particles, their energies and the beam courses
were changed as shown in Table 1.

Table 1 Frequency of particle, energy and
beam course change in FY.

FY Particle Energy
Beam

Course
1992 42 47 64
1993 43 51 123
1994 70 74 145

350

300 —

4 5 6 7 8 9 10 11 12 1 2 3
Month

Q Tuning • Visitors use with charge
0 Beam development E l Experiment

Fig. 1 Monthly operation times in FY 1994.

o D
96.6H 22.0H

Fig. 2 Beam times of accelerated ions in FY
1994.
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1 0 . 3 Operation of the Electrostatic Accelerators

S. Tajima, I. Takada, K. Mizuhashi, S. Uno, K. Okoshi.Y. Nakajima,
Y. Saito, Y. Ishii

Ion Accelerator Operation Division
Advanced Radiation Technology Center, JAERI

The three electrostatic accelerators in
TIARA, a 3MV tandem accelerator, a
3MV single-ended accelerator and a
400kV ion implanter, have been operated
smoothly in FY 1995. They were utilized
for various experiments using multiple
and single ion beams and electron beams.

Total operation times for each
accelerator in this fiscal year were 1216
hours for the tandem, 1519 hours for the
single-ended and 1163 hours for the
implanter. Monthly operation times for
three machines are illustrated in Fig.l.

•Tandem
•Single Ended

| plmplantef'

4 5 6 7 8 9 10 11 12 1 2 3

Month

Fig. 1 Monthly Operation Times for
Electrostatic Accelerators in FY 1994.

Each accelerator provided the various
beams for the experiments, seventeen ion
species from the tandem, three ion
species and electrons from the single-
ended and twenty two ion species from
the implanter. The percentages of
acceleration days of ion species are
shown in Fig.2 for each accelerator.

Five new ion beams for B, P, Mn, Cn
and Sin were newly accelerated by using
the SNICS ion source for the tandem.
(Cn, Sin: molecular ions). Although
acceleration of the molecular ions were
difficult because they were easily broken
in the stripper canal, we succeeded in
acceleration of C2-C8 and Si2-Si4 at
6MeV. The details are reported in a
separate paragraph in this chapter.

Thirteen new ion beams for N, Ne,
Mg, Al, Cl, Ti, Cr, Fe, V, Nb, La, W
and Bi were also newly accelerated by
using the Freeman ion source for the
implanter. Metal ions such as Cr, Fe and
La were generated from their chlorides
using oven and refractory metal ions such
as Nb and W were produced by filaments
made of themselves.

The regular maintenance of the
accelerators were carried out in April,
August and December. A worn out shaft
of the chain pulley of the tandem was
replaced with new one in August. In
order to supply the electron beam using
the single-ended machine, polarity
change of the high-voltage generation
circuit with tank opening were carried out
four times, in April, July, September and
March.

Tandem

Single-ended

Implanter

Fig. 2 Percentages of Acceleration Days
of Ion Species for Electrostatic
Accelerators in FY 1994.
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1 0 . 4 RADIATION CONTROL & RADIOACTIVE WASTE MANAGEMENT IN TIARA

Safety Division S Uti l i t ies and Maintenance Division,

Department of Adminis t ra t ive Services , TRCRE, JAERI

1. Radiation Control

1.1 Individual monitoring
(1) Individual monitoring fo r t h e r a d i a -
tion workers
Table 1 shows a distribution on effec-

tive dose equivalent of the radiation
workers in fiscal 1994. The effective
dose equivalent of all workers except
four were less than 0.2 mSv (minimum
detectable dose equivalent) and the
all workers were under 1 mSv.

(2) Individual monitoring for the in-
spect visitors etc. to the radiation
controlled areas
Table 2 shows number of persons who

have been entered the controlled areas
temporally except the radiation workers
resisted officially. Individual moni-
toring for these persons were carried
out with TLD and the effective dose
equivalent of every entrance person was
less than minimum detectable dose.

Table 1. Distributions on the effective dose equivalent in fiscal 1994.

Items

Distribution range

on effective dose

equivalent

HE: Effective dose

equivalent

(mSv)

Persons

~"~ -~-~^^Per i ods

HE £ 0.2

0.2 < HE £ 1.0

1.0 < HE £ 5.0

5.0 < HE £ 15.0

15.0 < HE £ 25.0

25.0 < HE S 50.0

50.0 < HE

Persons for radiation control (A)

Exposure

above 1 mSv

Persons (B)

(B)/(A) X100 (%)

Mass effective dose equivalent (nan raSv)

Mean dose equivalent (mSv)

Maximum dose equivalent (mSv)

Number of persons

1st
quarter

387

0

0

0

0

0

0

387

0

0

0

0

0

2nd
quarter

428

1*

0

0

0

0

0

429

0

0

0.4

0.0

0.4

3rd
quarter

424

0

0

0

0

0

0

424

0

0

0

0

0

4th
quarter

457

3*

0

0

0

0

0

460

0

0

1.1

0.0

0.5

* The same worker was exposed during 2nd 8 4th quarter.

Table 2. Number of temporary entrance persons to radiation controlled areas
in fiscal 1994.

-~-— Persons

^"~~-^^^ Periods
entrance persons "-—^

Temporary Workers

Inspect Visitors

Number of persons

1st
quarter

235

341

2nd
quarter

257

384

3rd
quarter

225

455

4th
quarter

341

433

total

1058

1613
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1.2 Monitoring of released radioactivi-
ties for gas and dust
Table 3 shows the maximum radioactive

concentrations and total activities for
gas and dust released from TIARA's

stack, during each quarter of fiscal
1994. The least amount of 41Ar and
1 ' C were detected for some time on
operation of cyclotron, but the radio-
active dust released was not detected.

Table 3. Monitoring results of released activities for gas and dust in fiscal 1994.
Nuclidc

gross- (3

B5Zn

«'Ar

"C

~~ Peri ods
Items ——.

dust
(Bq/cm3)

dust
(Bq/cm3)

maximum
concentration

maximum
concentration

Total released
activity (Bq)

gaseous
(Bq/cm3)

maximum
concentration

Total released
activity (Bq)

gaseous
(Bq/cm3)

maximum
concentration

Total released
activity (Bq)

1st
quarter

<5.5
X 1 0 - "

<3.7
x10"1 0

0

<2.0
X10"1

1.2
x 10s

-

-

2nd
quarter

<5.5
xl(T"

<4.4
xlO"10

0

<2.0
xlO'5

0

-

-

3rd
quarter

<5.3
X10-"

<4.2
x 10-10

0

<2.0
X10"4

3.4
x 108

-

-

4th
quarter

<5.3
X10"11

<9.8
X10"12

0

<1.2
X10-1

2.7
X108

1.7
X10-*

5.3
xlO8

total

<5.5
xlO""

<4.4
xlO"10

0

<2.0
X10-"

7.3
xlO8

<1.7
xlO-

5.3
XlO8

1.3 Monitoring for radiation dose rate
and surface contamination
Radiation dose rate monitoring was

routinely carried out in/around the
controlled areas and surface contami-
nation monitoring was also carried out.

No unusual value of dose rate or con-
tamination was detected. Figure 1
displays a distribution of the dose
rate at the controlled area in the
cyclotron building as an example.

" ,r

Fig. 1
Dose rate distribution at the
radiation controlled area in
the cyclotron building.

Date measured :
March 22, 1995

Measuring position :
Indicated with x
above 1 m from floor

Unit : M Sv/h
(numerics less than 0.2
fi Sv/h are not indicated)
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1.4 Authorized radioisotopes
Table 4 (a) shows a list of sealed

radioisotopes authorized at the end of
fiscal 1994. These isotopes are used in
TIARA as checking sources for several

kinds of radiation detectors. Eighteen
nuclides of unsealed type are also au-
thorized mainly for researches of neu-
tron shielding and RI production, as
shown in Table 4(b).

Table 4. List of radioisotopes authorized at the end of fiscal 1994 in TIARA,
(a) Sealed radioisotopes

Authorization
No. and Date

No.6415

Jan. 30. 1995

Nuclides and
Amounts

24IAm
3.7 GBq X I

22Na
370 MBq xl
3.7 GBq XI

57Co

370 MBq X4
• i o » S n

370 MBq X 4

Places Used

Cyclotron Building
Light Ion Room 1 to 3
Heavy Ion Room 1 to 3
Cyclotron Vault
Light Ion Preparation Roon
Heavy Ion Preparation Room
Heavy Ion Measuring Room

Multiple Beam Building
Target Room 1
Tandem Accelerator Room

Ion Beam Research Building
Hot Sample Testing Room

Electron Accelerator-1 Building
Vertical Beam Experimental Roon

Cyclotron Building
ISOL Roon

Ion Beam Research Building
Hot Physics Laboratory

Place of Strage

Cyclotron Building

Electron Accelerator-1
Building
RI storage box in
Vert.B.Exper.Room

Cyclotron Building
RI storage box in
ISOL Room

(b) Unsealed radioisotopes

Authorization
No. and Date

No.4257

Sept.22. 1994

Places Used

Cyclotron Building
Light Ion Rooms 1 to 3
Cyclotron Vault
Cyclotron Pit Room
Switching Magnet Room
Cooling Room
Power Distribution Room
Hot Work Room
Hot Laboratory
Semi Hot Laboratory
RI Measuring Room
ISOL Room

Ion Beam Research Building
Radiation Measuring ROOD
Hot Physics Laboratory
Hot Work Room
Hot Chemical Laboratories 1 to 2

Nuclides and
Amounts of Annual Use

54Mn
05Zn
56Co
55Fe
7Be

75Se
95 T o
130Ce
llC
I3 N

• 5Q

5EFe
6lCu

133Xe
""Re

1Z7Pr
i"Pr

50 MBq
1 GBq
1 GBq

500 MBq
1 GBq

200 MBq
200 MBq
600 MBq

4 GBq
4 GBq
4 GBq

200 MBq
200 MBq
300 MBq
600 MBq
4 GBq
3 MBq
3 MBq
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2. Radioactive Waste Management

2.1 Solid wastes
Table 5 shows the amounts of solid

wastes at various properties and kinds
generated in each quarter of fiscal
1994. Main wastes were combustible
matter such as gloves and incombusti-
ble filters for exhaust air. Com-
pressible wastes were generated mainly
by the cyclotron maintenance.

2.2 Liquid waste
Liquid waste was almost waste water

('inorganic' in Table 6) generated with
chemical experiments and operation of
air conditioning units installed in

each room of the first class radiation
controlled area. Larger quantity of
the waste water in summer season (2nd
quarter) are mainly due to condensed
drain from air by operating the units.

Low level waste water is treated by
evaporation and condensed water is re-
used in the controlled area. Only small
ammounts of residue are generated by
the evaporation because the radiation
level is very low and the waste quality
is very pure so that the waste can be
evaporated to high concentration rate.

The evaporation residue and sludge are
solidified by cement in a stainless steel
drum. The residue and sludge of ca. 100
liter makes one cement solidify of 200
liter drum.

Table 5. Radioactive solid wastes generated in fiscal 1994.

^v'~"~~-̂  Amounts
Items ^^-^^^

Low level

1)Combustible

2)Incombustible

Compressible

Filters

I incompressible

Ion exchange resin

Cement solidify

High level

1)Incombustible

Amounts of generation in each periods On3)

1st
quarter

0.32

0.32

0

0

0

0

0

0

0

0

2nd
quarter

0.90

0.80

0.10

0.10

0

0

0

0

0

0

3rd
quarter

0.12

0.12

0

0

0

0

0

0

0

0

4th
quarter

1.38

0.56

0.82

0.10

0.72

0

0

0.40

0

0

total

2.72

1.80

0.92

0.20

0.72

0

0

0.40

0

0

Number
of

package
/drum

12*

0

7

2*

0

0

* : 200 liter drum

Table 6. Radioactive liquid waste generated in fiscal 1994.

^^•^-^ Amounts
Items ^ ^ ^ ^

Low level

1)Inorganic

2)0rganic

Organic

Oil

3)Sludge

Medium level

1)Inorganic

2)0rganic

Organic

Oil

3)Sludge

Evaporation residue

Amounts of generation in each periods (m3)

1st
quarter

10.29

10.29

0

0

0

0

0

0

0

0

0

0

0

2nd
quarter

18.72

18.72

0

0

0

0

0

0

0

0
h d

0

0

3rd
ouarter

9.41

9.41

0

0

0

0

0

0

0

0

0

0

0

4th
quarter

8.33

8.33

0

0

0

0

0

0

0

0

0

0

0.20

total

46.75

46.75

0

0

0

0

0

0

0

0

0

0

0.20

Number
of

package
/drum

treatment

0

0

0

*

*: treated to cement solidify
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Appendix 1. LIST OF PUBLICATIONS

Al. l . Publications in Journal

P.R.Okamoto JO 7JO 1. H.Abe, C.Kinosita,
and L.E.Rehn
Effect of concurrent irradiation
with electrons on ion-induced
amorphization in silicon
J. Nucl. Mat. 212-5 (1994) 298.
0 5.15 42032

J02. H.Abe and C.Kinosita
Effect of concurrent irradiation
with ions and electrons in Si and
Ge and their in-situ observations
IONICS 20(7) (1994) 39.
(in Japanese)
0 5.15 42032

J03. T.Asakawa and H.Koimuma
What applications of fullerene?
Kagaku (6) (1995) 30.
(in Japanese)
1 5.13 42028

J04. T.Asakawa, M.Sasaki, M.Yoshimoto,
S.Gonda, T.Shiraishi and H.Koimuma
Electrical Properties of C6o and
its partially decomposed thin films
fabricated by vacuum evaporation
and ion plating methods
Mat. Res. Soc. Symp. Proc. 349
(1994) 185.
I 5.13 42028

J05. T. Hirao and I. Nashiyama
Application of heavy-ion micro-
beams - Single-events in LSIs for
space —
Radiation Chemistry No.58 (1994)
37. (in Japanese)
T 1.2 42001

J06.T.Hirao, I.Nashiyama, T.Kamiya and
T.Nishijima
Effects of micro-beam induced
damage on single-event current
measurements
Nucl. Instrum. Meth. B (1995)
(in press.)
T 1.2 42001

H.Kageyama, K.Kawatsura,
R.Takahashi, T.Awata, T.Nakae,
S.Arai, K.Kambara, M.Oura,
T.Papp, Y.Kanai, Y.Awaya,
T.Takeshita, Y.Aoki, S.Yamamoto,
P.Goppelt-Langer, H.Naramoto,
Y.Horino, Y.Mokuno and K.Fujii
L X-ray spectra of Fe and Cu by
0.75 MeV/u H, He. Si and Ar ion
impacts
Nucl. Instrum. Meth. B
(submitted for publication).
S 6.5/6.6 42019

J08. K.Kawatsura, T.Nakae, R.Takahashi,
Y.Nakai, S.Arai, S.Yamamoto,
T.Takeshita, P. Goppelt-Langer,
H.Naramoto, Y.Horino, Y.Mokuno,
K.Fujii, T. Mitamura, M.Terasawa,
H.Uchida and K.Koterazawa
Analysis of radiation-induced
segregation in type 304 stainless
steel by PIXE and RBS channelng
Nucl. Instrum. Meth. B
(submitted for publication).
S 6.5/6.6 42019

J09.Y.Kido, T.Nishimura, Y.Furukawa,
Y.Nakayama, T.Yasue, T.Koshikawa,
P.Goppelt-Langer, S.Yamamoto,
H.Naramoto and T.Ueda
Solid-phase epitaxitial growth of
Ge on H-terminated and oxidized
Si(100) surfaces
Surface Sciences 327 (1995) 225.
S.T 6.7 42020

J10. CKinosita
Effects of irradiation on ceramics
and their special features
Materia Japan 33 (1994) 1351.
(in Japanese)
I 5.17 42035
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J l l . C.Kinosita, H.Abe, S.Maeda and
K.Fukumoto
Effect of concurrent irradiation
with ions and electrons on the
formation process of defects
crusters in covalent and ionic
crystals
J. Nucl. Mat. 219 (1994) 152.
0 5.15/5.17 42032/42035

J12. H.Koimuma and T.Arakane
Synthesis and thin-film formation
of globular nano-molecule Ce o
Dennsi-joho Tushin Gakukaishi 77
(1994) 1161 (in Japanese).
1 5.13 42028

J13. V.V.Krushev, H.Koizumi,
T.Ichikawa, H.Yoshida, H.Shibata,
S.Tagawa and Y.Yoshida
Relation between track structure
and LET effect on free radical
formation for ion beam-irradiated
alanine dosimeter
Radiat. Phy. Chem., 44 (1994) 521
T.S.0 6.4 42018

J14.H.Kudo, T.Fukusho, T.Ishihara,
H.Takeshita, Y.Aoki, S.Yamamoto
and H.Naramoto
Charge states of fast ions in
glancing collisions with aligned
atoms in Si crystals
Phys. Rev. A50 (1994) 4049.
T.S.O 6.4 42018

Shima, T.Ishihara,
S.Yamamoto and

J15.H.Kudo, K.
H.Takeshita,
H.Naramoto
High-energy shadowing effect and
its application to atomic and
solid stste physics.
Nucl. Instrum. Meth. B90 (1994)
533.
T.S.O 6.4 42018

J16. A.Miyashita
Time- and space-resolving soft
X-ray absorption spectroscopy of
laser produced plasma
Oyo Buturi 64 (1995) 592.
(in Japanese)
0 6.1? off-line

J17. T.Ohyanagi, A.Miyashita, K.Murakami
Observation of the initial stage
of the laser ablation
IONICS 20(7) (1994) 29.
(in Japanese)
0 6.17 off-line

J18.T.Nakae, K.Kawatsura, R.Takahashi,
S.Arai, T.Mitamura, M.Terasawa,
H.Uchida, K.Koterazawa, Y.Horino,
Y.Mokuno and K.Fujii
Characterization of single crystal
of type 304 stainless using RBS-
and PIXI-channeling
J. Nucl. Mater. 223 (1995) 210.
S 6.5/6.6 42019

J19.T.Nakae, R.Takahashi, T.Nomura,
Y.Nakai, H.Kageyama, N.Shimatani,
T.Awata, A.Nishihata, S.Arai,
K.Kawatsura, Y.Horino, Y.Mokuno,
K.Fujii, Y.Aoki, T.Takeshita,
S.Yamamoto, P.Goppelt-Langer,
H.Naramoto, T.Mitamura,
M.Terasawa, H.Uchida and
K.Koterazawa
Application of PIXE- and RBS-
channeling to investigations on the
characterization of single crystal
stainless steel
Int. J. PIXE 4 (1994) 193.
S 6.5/6.6 42019

J20. T.Nakano, K.Okaichi, K.Harada,
H.Matsumoto, R.Kimura,
K.Yamamoto, S.Akasaka and
T.Ohnishi
Mutations of a shuttle vector
plasmid, pZ189, in Escherichia
coli induced by boron neutron
captured beam(BNCB) containing
a -particles
Mutation Res., DNA Repair, 336
(1995)153.
C 2.9 41016 :

J21 . H. Namba
Radiation chemistry with heavy ion
beams
Radioisotopes 44 (1995) 69.
(in Japanese)
C 3.6 41038
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J22.H.0hno, Y.Aoki and S.Nagai
Low-energy ion-beam deposition
apparatus equipped with surface
analysis system
JAERI-Research 94-018 (1994)
0 6.19 off-line

J23. T.Ohnuki, T.Sato, H.Isobe and
T.Murakami
Redistribution of strontium and
cesium during alteration of
smectite to illite
Radiochimica Acta, 66/67 (1994)
323.
0 6.15 42041

J24. A.Osa, M.Asai, M.Koizumi,
T.Sekine, S.Ichikawa, Y.Kojima,
H.Yamamoto and K.Kawade
/3 + Decay of unstable praseo-
dymium isotopes: 1 2 7Pr, | 2 B p r
and the new isotope l z 5 p r
Nucl. Phys. A588 (1995) 185c.
C 7.2 41033/41034

J25.S.Seki, M.Ando, T.Yamaki,
Y.Nakashiba, K.Asai, K.Ishgure,
and S.Tagawa
Molecular interaction in
Langmuir-Blodgett films of
amphiphilic polysilanes
J.Photopolym.Sci.Technol. (1995)
8, 89.
C 3.2 41036

J26.S.Seki, H.Shibata, Y.Yoshida,
K.Ishgure and S.Tagawa
Radiation effects on hole drift
mobility in polysilanes
Rad.Phys.Chem. (1995) in press.
C 3.2 41036

J27.S.Seki, S.Tagawa, K.Ishgure,
C.R.Cromack and A.D.Trifunac
Observation of silyl radiacal
in y -radiolysis of solid
poly (dimethylsilane)
Rad.Phys.Chem. (1995) in press.
C 3.2 41036

J28. N.Shigeta, H.Matsuoka, A.Osa,
M.Koizumi, M.Izumo, K.Kobayashi,
K.Hashimoto, T.Sekine and
R.M.Lambrecht
Tantalum-183 : Cyclotron
production of a neutron-rich
biomedical tracer
Appl.Rad.Isotopes (in press)
C 7.2 41033

J29. N.Shigeta, H.Matsuoka, A.Osa,
M.Koizumi, M.Izumo, K.Kobayashi,
K.Hashimoto, T.Sekine and
R.M.Lambrecht
Production method of no-carrier-
added I 8 8Re
J.Radioanal.Nucl.Chem. (in press)
C 7.2 41033

J30.K.Shin, K.Miyahara, E.Tanabe
and Uwamino
Thick-target neutron yield for
charged particles
Nucl. Sci. S Eng. 120 (1995) 40.
0 8.2 41045

J31. S.Yamaguchi, K.Takahiro, Y.Hujino,
H.Naramoto and K.Ozawa
An ion channeling study on V2D
crystals
J. Alloys and Compounds (1995)
(in press.)
S 6.10 42022

J32. K.Yasuda, Y.Watanuki, C.Kinoshita
and H.Abe
Microstructure evolution in
magnesium aluminate spinel
under displacive and ionizing
irradiation [ 1 ]
Annual Reports HVEMLAB. Kushu
Univ. No.19 (1995) 11.
1 5.17 42035
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A1.2. Publications in Proceedings

CO I.H.Abe, C.Kinoshita and Y.Denda
Stability of cascades under ion
and electron irradiation in germa-
nium
Materials Research Society Sympo-
sium Proceedings 373 (1995) p.487.
0 5.15 42032

C02. H.Abe, H.Naramoto and C.Kinoshita
Amorphization of graphite under ion
or electron irradiation
Materials Research Society Sympo-
sium Proceedings 373 (1995) p.383.
1 5.15 42032

C03. K.Adachi, T.Fujimura, H.Omichi,
H.Watanabe, M.Fukawa, M.Takoi,
H.Kobayashi and M.Tamura
Gamma-ray and ion-beam irradia-
tion effect on animal red-blood
cells
Proc. 37th Symp. Radial Chem.
(Sapporo, Sept.26-28, 1994) p.129
C 2.10 41051

C04. K.Adaci.i, T.Fujimura, H.Omichi,
H.Watanabe, M.Takoi, M.Fukawa,
H.Kobayashi and M.Tamura
Ion irradiation effect on animal
red-blood cells
Proc. 37 th Ann. Meeting of Japan
Radiation Research Soc. (Fukuoka,
Oct.27-29, 1994) p.142
C 2.10 41051

C05. T.Agematsu, S.Okumura and
K.Arakawa
Uniform irradiation of high-energy,
intense ion beams to large area by
two-dimensional beam scanning
Proc. 6 th Japan-China Bilateral
Symp. Radiat. Chem. (Tokyo, Nov.6-
11, 1994), JAERI-Conf 95-003 p.467.
C 9.2 Acc.Op.

C06.M.Asai, Y.Kojima, A.Osa, M.Koizumi,
T.Sekine, M.Shibata, H.Yamamoto and
K.Kawade
Low-spin level structure of 1Z6Ba
investigated by y - y angular cor-
relation measurement
Proc. Int. Conf. on Exotic Nuclei

and Atomic Masses (ENAM95)
(Arle, France, Junel9-23, 1995)
(in press)
C 7.2 41033

C07.S.Baba, M.Ishihara and M.Eto
Proton irradiation effects on
mechanical strength of carbon/
carbon composites
1994 Fall Meeting of the Atomic
Energy Soc. of Japan (Sapporo,
Sept.28-30, 1994) p.185.
C 5.04 41007

C08. M.Fukuda, S.Okumura, K.Arakawa
and T.Karasawa
External beam phase width mea-
surements a t JAERI AVF Cyclotron
Proc. 4 th European Particle Ac-
celerator Conf. EPAC94 (London,
June27-Julyl, 1994) p.548.
C 9.2 Acc.Op.

C09. P.Goppelt-Langer, S.Yamamoto,
Y.Aoki, H.Takeshita and H.Naramoto
Light and heavy element profiling
using heavy ion beams
12nd Int. Conf. Ion Beam Analysis
(Arizona, May 22-26, 1995)
(accepted for publication)
T 6.8/6.9 42021

C10. P.Goppelt-Langer, S.Yamamoto,
Y.Aoki, H.Takeshita and H.Naramoto
Stopping powers and straggling of
15 N ions for nuclear reaction
analysis at 6.385 MeV
12nd Int. Conf. Ion Beam Analysis
(Arizona, May 22-26, 1995)
(accepted for publication)
T 6.9 42021

Cll.Y.Hama, K.Hamanaka, H.Matsumoto,
H.Kudoh, T.Sasuga and T.Seguchi
Inhomogeneous degradation of
polymers irradiated by X-rays,
gamma-rays and ion-beam as
studied by micro-FT-IR
Proc. 9 th Int. Meeting on Radiat.
Processing (IMRAP-9), (Istanbul,
Sept.11-16, 1994) to be published.
C 3.1 41035
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C12. Y.Hama, K.Hamanaka, H.Matsumoto,
H.Kudoh, T.Sasuga and T.Seguchi
Relationship between energy pro-
file and chemical structural
changes in polymers irradiated by
ion-beams
Proc. 6 th Japan-China Bilateral
Symp. Radiat. Chem.(Tokyo, Nov.6-
11, 1994), JAERl-Conf 95-003
p.101.
C 3.1 41035

C13. S.Hamada, Y.Miwa, D.Yamaki and
Y.Zhang
Development of triple-beam irradi-
ation facility
Abstract of the Japan Institute of
Metals, Fall Meeting (Fukuoka, Oct.
8-10, 1994)
T.S.I 5.5 42008

C14. S.Hamada, Y.Zhang, Y.Miwa and
D.Yamaki
Microstructure of stainless steel
irradiated with dual beams
Abstract of the Japan Institute of
Metals, Spring Meeting (Tokyo, Apr.
4-6, 1995)
T.S.I 5.5 42008

C15. T.Hirao, H.Itoh, I.Nashiyama,
I.Naito and S.Matsuda
Study of single-event effect at
JAERI Takasaki
Proc. BEAMS 1994 (Tokyo, Nov.
1994) p.31.
C,T 1.1/1.2 41005/42001

C16. H.Ichikawa, H.Nakamura and
A.Nagatani
Ioslation of photomorphogenic mu-
tants in Arabidopsis which promote
transduction of light-signal
Plant Cell Physiol. 36(supplement),
(1995) p.113.
C 2.6 41017

C17. J.Isoya. H.Kanda and Y.Morita
ESR studies of point defects in
synthetic diamond crystals.
Advances in New Diamond Science
and Technology (Proc. 4th Int. Conf.
on New Diamond Science and Tech-
nology, Kobe, July 1994) p.351
C 1.8 41020

C18. T.Kamiya, T.Suda and R.Tanaka
Sub-micron microbeam apparatus
using a single-ended accelerator
with high voltage stability.
Proc. 4 th Int. Conf. on Nucl.
Microprobe Technology and
Applications
(Shanghai, Oct.10-14. 1994)
Nucl. Inst. and Meth B
(submitted)
S 9.7 42038

C19. T.Kamiya, T.Suda and R.Tanaka
Sub-micron microbeam apparatus
for high resolution materials
analysis voltage stability.
Proc. 12th Int. Conf. on Ion Beam
Analysis (Tempe, USA, May 22-26,
1995), Nucl. Inst. and Meth B
(submitted)
S 9.7 42038

C20. T.Kamiya, T.Suda and R.Tanaka
High energy single ion hit system
combined with heavy ion micro-
beam apparatus
Proc. 12th Int. Conf. on Ion Beam
Analysis (Tempe, USA, May 22-26,
1995), Nucl. Inst. and Meth B
(submitted)
T 9.6 42037

C21. K.Koizumi, T.Sekine, A.Osa and
T.Horiguchi
Development of a laser ion source
for the TIARA-ISOL
Proc. 6 th Int. Symp. on Advanced
Nuclear Energy Research —
Innovative Laser Technologies in
Nucl. Energy (Mito, March 23-25,
1994) JAERI-Conf 95-005 p.358
0 7.4 off-line

C22.H.Kudo, A.Tanabe, T.Ishihara,
S.Seki, Y.Aoki, S.Yamamoto,
P.Goppelt-Langer, H.Takeshita
and H.Naramoto
Charge states of fast heavy ions
glancing collisions with aligned
atoms in single crystals
Proc. 16th Int. Conf. Atomic Col-
lisions in Solids (Linz, Austria,
1995).
S.O 6.4 42018
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C23. K.Kuriyama, T.Kato, K.Tomizawa,
Y.Takahashi, A.Aoki, H.Takeshita,
S.Yamamoto and H.Naramoto
Electrical activation process of C
implanted semi- insulating GaAs
Proc. 9 th Int. Conf. on Ion Beam
Modification of Materials (IBMM'95,
Canberra, Feb.4-10, 1995)
(in press)
T 6.14 42030

C24. A.Miyashita, T.Ohyanagi, O.Yoda
and K.Murakami
Diagnosis of laser ablated carbon
particles measured by time-resolv-
ed X-ray absorption spectroscopy
Proc. 6th Int. Symp. on Advanced
Nuclear Energy (Mito, March 23-
25, 1994) p.873.
0 6.18 off-line

C25. A.Miyashita, T.Ohyanagi, O.Yoda
and K.Murakami
Dynamic observation of laser abla-
ted carbon particles using time-
resolved X-ray absorption spectro-
scopy
Proc. 7th Int. Symp. on Small Par-
ticles and Inorganic Clusters
(ISSPIC7, Kobe, 1994).
(to be published)
0 6.17 off-line

C26. T.Nakamura, T.S.Soewarsono, Y.Uno,
N.Nakao, Y.Uwamino, M.Imamura,
T.Ishikawa, Sh.Tanaka, H.Nakashima,
Su.Tanaka, M.Baba and T.Iwasaki
Development of p~Li quasi-mono-
energetic neutron field between 20
and 90 MeV for cross section and
shielding experiments
Proc. 8 th Int. Conf. on Radiation
Shielding (Arlington, Texas, Apr.
24-28, 1994) p.264.
C 8.4 41047

C27. T.Nara, W.Yokota, K.Arakawa, M.Ide
and Y.Kamimura
Preparation of ceramic rods and ion
generation tests for OCTOPUS
Proc. INS Workshop on ECR Ion
Sources for Multiply-Charged
Heavy Ions (Tokyo, Dec.1-2, 1994)
p.45.
0 9.3 Acc.Op.

C28. H.Naramoto, H.Takeshita, Y.Aoki,
S.Yamamoto, P.Goppelt-Langer and
H.Abe
Materials research using ion
beams at TIARA
10th Symp. on Surface Processing
Using Ion Beams (Tokyo, Nov.24,
1994).
I.S 6.10 42022

C29.S.Nasu, S.Oonishi, K.Nishiwaki,
R.Fujimori, H.Nanto, R.Yamamoto,
H.Takeshita, Y.Aoki, S.Yamamoto
and H.Naramoto
Radiation damages in synthesized
silica glasses induced by high
energy Fe ions irradiation
3rd Int. Symp. on Swift Heavy Ions
in Matter (SHIM-95) (Caen, France,
May 15-19, 1995)
T 5.14 42029

C30.H.Ohno, Y.Aoki and S.Nagai
Growth of carbon film by low
energy ion beam deposition
Proc. 37 th Symp. on Radiation
Chem. (Sapporo, Sept.26-28,
1994) p.187.
0 6.19 off-line

C31.H.Ohno, Y.Aoki and S.Nagai
Studies on carbon thin film growth
by low energy ion beam deposition
Proc. 5th Symp. on Beam
Engineering of Advanced Material
Syntheses (Tokyo, Nov.21-22,
1994) p.147.
0 6.19 off-line

C32. T.Ohyanagi, A.Miyashita, K.Murakami
and O.Yoda
Dynamic behaviors of laser-
ablated Si particles.
Proc. of the Internat. Symposium
on Advanced Nuclear Research
(Mito, Mar.23-25, 1994) p.881.
0 6.18 off-line
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C33

C34.

S.Okumura, M.Fukuda, W.Yokota,
Y.Nakamura, T.Nara, T.Agematsu,
I.Ishiboro and K.Arakawa
The beam diagnostic system for
JAERI AVF cyclotron
Proc. 4 th European Particle
Accelerator Conference (London,
Jun.27- Jul . l , 1994) p.1518.
C 9.2 Acc.Op.

C38.

S.Sasaki, A.Ushirokawa,
and M.Tanaka
Investigation of solar
solar power satellite
Proc. 19 th Int. Symp.
Technology and Science

Y.Morita C39

cells for
SPS 2000
on Space

(Yokohama,
May 15-24, 1994) p.29.
C 1.5 41002

C35. N.Sekimura
Primary knock-on atom energy de-
pendence of cascade damage for-
mation and interaction
to be presented in ICFRM-7;
to be published in
J. Nucl. Mater.
T 5.8 42011

C36. N.Sekimura, Y.Kanzaki, N.Ohtake,
J.Saeki, Y.Shirao, S.Ishino,
T.Iwata, A.Iwase and R.Tanaka
High energy cascades as studied by
high energy self- ion irradiation
to be presented in ICFRM-7;
to be published in
J. Nucl. Mater.
T 5.8 42011

C37. T.Sekine, M.Izumo, H.Matsuoka,
K.Kobayashi, N.Shigeta, A.Osa,
M.Koizumi, S.Motoishi, K.Hashimoto,
Y.Hatsukawa, F.Miura, T.Sorita,
T.Moriya, H.Kudo, H.Umezawa
and H.Watanabe
A new radioisotope-production
research facility utilizing ion
beams from AVF cyclotron
Proc. 5th Int. Workshop on
Targetry and Target Chemistry
(BNL, New York, Sep.19-23, 1993)
p.347.
C 7.2 41033/41034

C40

N.Shikazono, Y.Yokota, A.Tanaka,
H.Watanabe and S.Tano
Ion-beam induced mutations in
Arabidopsis thaliana.
Proc. 1st Symp. of Advanced
Science Research Center
(Tokai-mura, Mar.23-24, 1995)
P.91.
C 2.2 41011

N.Shimatani,
R.Takahashi,
S.Yamamoto,
H.Naramoto,
and K.Fujii
Radiation- induced
recrystallization
a -SiC by MeV
implantation
Proc. 6 th Int. Conf. SiC and
Related Materials (Kyoto, Sept.
18-21, 1995)
T,S 6.5/6.6 42019

K.Kawatsura,
S.Arai, Y.Aoki,

H.Takeshita,
Y.Horino, Y.Mokuno

damage and
of amorphous

Ni and Au

S.Tajima, I.Takada,
S.Uno, Y.Saito,
Y.Nakajima, Y.Ishii
T.Sasuga
Status of
facility of
Proc. 7th
Accelerator

K.Mizuhashi,
K.Okoshi,
and

beamion multiple
TIARA

Workshop on Tandem
and Technology

(Tokyo, June 28-29, 1994)
p.13.

0 9.8-9.10/10.3 42039/Acc.0p.

C41. A.Tanaka
Biological studies by use of ion
beams: the effects of ion beams on
the plant and the penetration
controlled irradiation technique
Proc. 3rd Symp. Nucl. Res. Center,
Tokyo Univ. (Dec.5-6, 1994)
C,T 2.1/2.2 42016/41011

C42. A.Tanaka, Y.Yokota, N.Shikazono,
H.Watanabe and S.Tano
Effects of ion-beams on
Arabidopsis thaliana.
Proc. 10th Int. Cong. Radat. Res.
(Wurzburg, Germany, Aug.27-Sept.
1, 1995) (to be published)
C 2.2 41011
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C43. A.Tanaka, Y.Yokota, H.Watanabe,
N.Shikazono and S.Tano
Biological effects of heavy charged
particles in Arabidopsis thaliana.
Proc. 5th Workshop on Heavy
Charged Particles in Biology and
Medicine (GSI, Darmstadt, Germany,
Aug.23-25, 1995)
(to be published)
C 2.2 41011

C44. Tanimoto, H.Mizubayashi and
S.Okuda
Anelastic study of Mo and W after
low-temperature irradiation
Proc. 1st Int. Conf. Ultra High
Base Metals (Kitakyushu, May 24-
27, 1994) p.359.
S 5.03 42007

C45. Tanimoto, H.Mizubayashi and
S.Okuda
Internal friction measurements of
Mo and W after low-temperature
irradiation
Proc. 1st Symp. of Advanced
Science Research Center
(Tokai-mura, Mar.23-24, 1995)
p.57.
S 5.03 42007

C46. S.Uno, S.Tajima, I.Takada,
K.Mizuhashi, K.Okoshi, T.Sasuga,
Y.Kubota and K.Kono
Control system for new electro-
static Accelerators of TIARA
Proc. 7th Workshop on Tandem
Accelerator and Technology
(Tokyo, June 28-29, 1994)
p.63.

0 10.03 Acc.Op.

C47. S.Yamamoto, P.Goppelt-Langer,
Y.Aoki, H.Takesita, H.Naramoto
Analysis of hydrogen in Nb/Cu
multilayers using ion beam methods
116th Spring Meeting, the Japan
Institute of Metals (Tokyo, Apr.
4-6, 1995) p.366.
T 6.12 42025

C48. S.Yamamoto, P.Goppelt-Langer,
H.Naramoto, Y.Aoki, H.Takesita
Analysis of hydrogen in Nb/Cu
multilayers using ion beams
Proc. Int. Symp. Metal-Hydrogen
System (Fuji-Yoshida, Nov.6-11,
1994)
T 6.12 42025

C49. Y.Yamamoto, O.Kawasaki, S.Matsuda
and Y.Morita
Radiation effects of solar cells
for space use
4 th European Space Power Conf.
(Poitiers, France, Sep.4-8, 1995)
C.T 1.4 41006/42003

C50. W.Yokota, Y.Wu, Y.Saito, Y.Ishii,
T.Nara and K.Arakawa
Construction and test operation of
JAERI 18GHz ECR ion source
Proc. INS Workshop on ECR Ion
Sources for Multiply-Charged
Heavy Ions (Tokyo, Dec.1-2, 1994)
p.84.
0 9.3/9.4 Acc.Op.
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Appendix 2. Type of Research Collaborations

Section
of this
Report

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13

Research
Program
Number

41005
42001
41004
41006/42003
41002
41003
41019
41020

42016
41011
41013
41014
41015/42017
41017
41050
41012
41016
41051

41035
41036
41037
41039
41040
41038
41043

41001
42002
41025

42004 - 6
42006
42007
41007
42008
42009
42010
42011
42012
41021
42024
42026
42028

Type of
Research

Collaborations*

Joint Res.
Joint Res.
(JAERI)

Joint Res.
Joint Res.
(JAERI)

Joint Res.
Coop.Res.Univ.

(JAERI)
(JAERI)

Coop.Res.Univ.
Coop.Res.Univ.
Coop.Res.Univ.
Joint Res.

Coop.Res.Univ.
(JAERI)

Coop.Res.Univ.
Coop.Res.Univ.

Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.
Joint Res.

Proj.Res.Univ.
(JAERI)
(JAERI)

(JAERI)
(JAERI)

Coop.Res.Univ.

(JAERI)
(JAERI)

Coop.Res.Univ.
(JAERI)
(JAERI)
(JAERI)

Coop.Res.Univ.
Coop.Res.Univ.
Coop.Res.Univ.

(JAERI)
(JAERI)
(JAERI)

Coop.Res.Univ.

5.14
5.15
5.16
c 17
o. 11

6.1
6.2
6.3
6.4
6.5-6
6.7
6.8-9
6.10
6.11
6.12
6.13
6.14
6.15
6.16

6.17
6.18
6.19

7.1

7.2

7.3
7.4
7 R
1 • 0

8.1
8.2
8.3
8.4
8.5

9.1
9.2
9.3-5
9.6
9.7
9.8-10
9.11
9.12

10.1-4

42029
42032
42034

42013
42014
42015
42018
42019
42020
42021
42022
42023
42025
42027
42030
42041
41022

/41023-4
/42033

(off-line)
(off-line)
(off-line)

41028
/41029

41033
/41034

41034
(off-line)
(off-line)

41044
41045
41046
41047
41048

41041
41042
—

42037
42038
42039
—

41040

—

Coop.Res.Univ.
(JAERI)
(JAERI)

PY* O I P o c I In i \z
r 1 u j • rvco • ui 11 v •

(JAERI)
Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.

(JAERI)
(JAERI)
(JAERI)
(JAERI)

Proj.Res.Univ.
Coop.Res.Univ.

(JAERI)
Coop.Res.Univ.
/ (JAERI)
/ (JAERI)

(JAERI)
(JAERI)
(JAERI)

(JAERI)
/Coop.Res.Univ.

(JAERI)
/Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.
P*-/~* 1 R o c 11n 1 \i
rruj•nub•un x v*

Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.
Proj.Res.Univ.

(JAERI)
(JAERI)
(JAERI)
(JAERI)
(JAERI)
(JAERI)
(JAERI)

Joint Res.

(JAERI)

* Joint Res. : Joint research with private company or governmental institution
Coop.Res.Univ. : Cooperative research with a university or universities #
Proj.Res.Univ. : The JAERI-Universities Joint Research Project #

# For administration of these programs, we appreciate the cooperation of :
Reasearch Center for Nuclear Science and Technology, The University of Tokyo.
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Appendix 3. Organization and personnel of TIARA (FY 1994)

1) Organization for the Research and Development of Advanced Radiation
Technology.

President
of

JAERI

Advanced Science
Research Center

Office of
Planning

Tokai Research
Establishment

Naka Fusion
Research

Establishment

Takasaki Radiation
Chemistry Research

Establishment

Consultative Committee
for the JAERI-Universities

Joint Research Project
Prof. M. Ishihara

Subcommittee for
the Advanced Radiation

Technology Project
Prof. K. Ishigure

TIARA General Program
Committee

Prof. S. Namba

Program Advisory
Committee

Dr. W. Kawakami

Osaka Laboratory for
Radiation Chemistry

Department of
Administrative Services

Department of
Material Development

Department of
Radiation Research for

Environment and Resources

Advanced Radiation
Technology Center

Consultative Committee
for the R & D of Advanced

Radiation Technology
Prof. K. Ishigure

Subcommittees for:

Accelerator Facilities
Dr. H. Kamitsubo

Radiation Resistant
Materials

Prof. A. Ushirokawa

Biotechnology
Prof. H. Yamaguchi

Functional Materials
Prof. S. Namba

Positron Factory Project
Prof. M. Doyama
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2) Personnel for the Administration, Operation and Control of TIARA*

Advanced Radiation Technology Center

Director
Deputy Director

Administration Division
General Manager
Staff Member

Utilization and Coordination Divisioi

General Manager
Staff Member

Ion Accelerator Operation Division

General Manager
Staff Member

— Group of Cyclotron Operation

Staff Member

I. Ishigaki
R. Tanaka

E. Yamasita
T. Suzuki, H. Tonooka

1

H. Watanabe
S. Tanaka, K. Nishimura, M. Hosono

T. Sasuga
H. Tachibana

K. Arakawa, Y. Nakamura, T. Nara
T. Agematsu, I. Ishibori

Group of Electrostatic Accelerators Operation
Staff Member

Beam Engineering Division

General Manager
Staff Member

Department of Administrative Services

Safety Division

Staff Member
(Radiation Monitoring and

Utilities and Maintenance Division

S. Tajima, I. Takada, K. Mizuhashi
S. Uno, K. Okoshi, Y. Nakajima

(R. Tanaka)
W. Yokota, M. Fukuda, T. Kamiya
S. Okumura, Y. Saitoh, Y. Ishi, T. Suda

T. Furuta, T. Sakai
Control in TIARA)

Staff Member J. Yoshii, K. Fukuda
(Radioactive Waste Management and Utility Control in TIARA)

• in FY 1994; For farther information, contact t o :
Advanced Radiation Technology Center, Takasaki Radiation Chemistry Research
Establishment, Japan Atomic Energy Research Institute,
1233 Watanuki-machi, Takasaki, Gunma-ken, 370-12, Japan.
Telephone : (81)273-46-9600-3 ; Facsimile : (81)273-46-9690
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