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Submicron Microbeam Line (Target Room 3)
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PREFACE

This report covers research and development activities which have been
conducted with TIARA (Takasaki Ion Accelerators for Advanced Radiation
gpplication) during the period from April 1993 until March 1994, and also
gives an outline of the operation and utilization of TIARA in the same

period.

The AVF cyclotron and the 3MV tandem accelerator have been operated
satisfactorily through the period,.- though the latter was stopped from
January to October 1993 because of the construction of a new beam line
connected to a newly constructed target room. Other two accelerators, l.e.
the 3MV sigle-ended accelerator and the 400kV ion implanter were installed
and they started serving to research activities from January 1994.

The Third TIARA Research Review Meeting was held on June 28 and 29

1994 at Takasaki, the subjects were reported in this issue. 29 oral and
44 poster papers, and two invited lectures were presented; 253 persons
including 124 from outside of JAERI participated the meeting: In contrast

with the first and the second meetings, munerous 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 Technolegy, the Consultative
Committee for the JAERI/Universities Collaborative Project Research Program,
the TIARA General Program Committee, and their subcommittees.

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

( Sons L,g%/ A

Isao Ishigaki

Director

Department of Advanced
Radiation Technology,
Takasaki Radiation Chemisiry
Research Establishment
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DEVELOPMENT OF ENERGETIC HEAVY-ION IRRADIATION

METHOD FOR SINGLE-EVENT TESTING

Isamu NASHIYAMA, Yousuke MORITA, Toshio HIRAO,
Hisayoshi ITOH, and Masahito YOSHIKAWA
Department of Materials Development, JAERI

L INTRODUCTION

Modern artificial satellites are equipped
with sophisticated electronic circuits, where
various kind of highly integrated semi-
conductor devices are used for the control of
the satellites and for realizing their scientific
and commercial missions such as satellite
communication, broadcasting, survey of the
earth surface. The most serious problem
which these semiconductor devices suffer is
the effects of strong nuclear radiation in
space. Most of semiconductor devices have
been developed for very mild environments
on the surface of the earth, and these devices
especially highly integrated circuits, are quite
sensitive to nuclear radiations. Since the
beginning of the outer space age and the
finding of van Allen radiation belts sur-
rounding the earth, intense efforts have been
made on developing radiation hard semicon-
ductor devices, which involves series of
irradiation testing, study of radiation effects
on semiconductors, and R&D of new device
process. For these purposes, some artificial
radiation sources and suitable irradiation
techniques are required. Energetic heavy ions
with high energy purity, homogeneity, and

low back-ground are especially required for .

the testing of single-event effects.

In the present work, we have developed
several irradiation techniques for radiation
hardness testing of semiconductor devices.

II. SCATTERED BEAM IRRADIATION

Experimental set up of the scattered beamn
irradiation method was illustrated in
references 1 and 2. Heavy ions with the
energies of a few hundred MeV from TIARA
AVF cyclotron accelerator are scattered
forward with a thin (~1pm) gold foil and
scattered ions are irradiated on test devices
placed at angles of 20 to 40 degrees. Using
this method, we can conveniently decrease
the beam intensity and provide homogeneous
ion beams.

Advantages of the scattered-beam irradi-
ation method are, 1) beam intensity can be
reduced by a several order of magnitude to a
level convenient for SEU testing, 2)
homogeneous irradiation fluence within the
chip area of the device under test, 3) accurate
evaluation of the fluence. Figure | (a) shows
175MeV argon beam incidence on an lum
Au foil and scattered into 40 degree with an
energy of 145MeV, where 40 MeV recoil Au
atoms hit the specimen as well as the
scattered argon ions. By applying a 12.5um
thick Kapton absorber in front of the device
under test, the recoiled Au peak disappears,
and the scattered argon ions degrade their
energy in the absorber as shown in Flg. 1(b).

(2) 145MeV-Ar
e
o
2
5=

40MeV-Au

1

(b} 105MeV-Ar
;5'
-]
<
=

o 100 200 jog 400 500 &00 oo BODO

CHANNEL

Fig.1 Energy spectra of scattered argon ions with and
without Kapton absorber. The incident argon
ion energy is 175MeV.
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[1I. DIRECT BEAM IRRADRIATION

In the case of very high energy heavy-
ions of E/M > 10 MeV/amu, a strong nuclear
reaction occurs between incident ions and the
Au scatterer. Therefore, we can not apply
the scattered-beam irradiation method based
on Rutherford scattering principle. In this
case, A direct-beam irradiation method is
applied instead, where the beam intensity is
reduced by a beam attenuator, and the beam
is defocused in order to obtain uniformity of
irradiation fluence. Direct and scattered
beam spectra are shown for 330MeV argon
jon beam incidence in Fig.2. A sharp energy
profile is obtained in the case of direct-beam
irradiation.

Direct ——onw

Direct/lum Au
25" Scattered/lum Au \
40" Scattersd/lum Au s

360 aco 5009 600 700 sog

¥

YIELD(Arb. Units)

o

Q 100 200

CHANNEL

Fig.2 Energy spectra of direct and scattered argon
ions. Incident icn energy is 330MeV.

[V. RECOIL PARTICLE IRRADIATION
Since TIARA AVF AVF cyclotron can
not accelerate metal ions at present., LETs

from 20 to 30 MeV/(mg/cm?) are not
available for single-event testing. Therefore,
we developed the recoil atom irradiation
method. For this purposes, very high energy
krypton beams and metal target are used.
Figure 3 shows a typical example of this
method, where 520MeV krypton ions are
guided into a Sum nickel target and we can
obtain 300MeV nickel ions into the recoil
angle of 20 degree as shown in Fig.3(b). The
450MeV krypton ions scattered with [um
thick gold foil into 20 degree is shown in
Fig.3(a) for comparison. Disadvantages of
this method are poor energy purity, low
fluence rate, and higher background.

450MeV-Kr

|

J00MeV-Ni

A

0 160 200 300 400 500 600 700

YIELD{Arb. Uini ts)
o

800

CHANNEL

Fig.3 Energy Spectra of the recoil nickel atoms and
the scattered krypton ions.
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STUDY OF ION-BEAM INDUCED LUMINESCENCE IN ALUMINA AND

1.2,
SILICON CARBIDE
Hisayoshi ITOH, Toshio HIRAO, and Isamu NASHIYAMA
Department of Materials Development, JAERI
L INTRODUCTION

The impingement of high-energy ions
on semiconductors generates dense electron-
hole pairs along ion tracks. It is well known
that the recombination of excited electron-
hole pairs induces photon emission
(luminescence) in semiconductors and
insulators. 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
irradiated materials is also obtained from
the analysis of luminescence data. In
addition, the clarification of electronic
excitation and relaxation occurred in
semiconductors by ion irradiation is essential
to understand the fundamental processes of
single-event phenomena, since electron-hole
pairs cause the single-event phenomena such
as soft-error, latch up, and burn-out in
semiconductor devices.1:2)

We have studied ion-beam induced
luminescence in alumina by 175MeV-Ar8+
ions accelerated by the AVF cyclotron. Also,
we have investigated luminescence induced
in silicon carbide (SiC) semiconductor by
the irradiation. In this paper, we show the
results of ion-beam induced luminescences
in alumina and SiC, and discuss the
recombination processes of electron-hole
pairs in those samples.

I1. EXPERIMENTAL PROCEDURES

Samples used were single crystalline
SiC with 0.03mm thickness and sintered
alumina with the thickness of 1mm. The SiC
samples with zinc blende structure were
grown epitaxially on Si substrates at 1400°C

by chemical vapor deposition.3) These
samples were mounted on a cryostat holder
on a two-axes goniometer installed in a
chamber HE1. The temperature of samples
was variable in a range between =20K and
room temperature (RT) by using Iwatani
Cryo-Mini D310/CW303. Details of the
vacuum chamber HE1 have been described

in a previous paper.*) Ion-beam induced
luminescences were obtained by measuring
photons emitted from samples during
irradiation. The transient intensity of emitted
photons was acquired by a streak camera
system3) (Hamamatsu C1587/C3140), which
has an detection region of photon
wavelength 200-850nm. An energy profile
of photons was also obtained by using a
monochromator3) (Jovin Yvon HR250). In
the time-resolved optical measurements, the
trigger signals of the AVF cyclotron were
used to start acquiring data.

TS AND DI ION
Figure 1 shows typical luminescence
spectra induced in alumina samples at RT by
175MeV-Ar8+ irradiation (beam current
~3nA). Two bands at 430nm and 330nm are
clearly seen in the spectra shown in Fig.1(a)
and 1(b), respectively. The full width of half
maximum of the 430nm band was about
60nm, and that of the 330nm band was
approximately 30nm. Similar spectra were
observed in photoluminescence® and ion-
beam excited luminescence”) of sapphire
samples. Lee et al.9) reported 3¢V and 3.8eV
photoluminescence bands, which were
caused by radiative recombinations
associated with the F and the F* centers in
neutron bombarded Al203, respectively.
Here, the F and the F+ centers are the neutral
oxygen vacancy (Vo©) and the positively
charged Vo (Vot), respectively. The photon
energies of 330nm (3.8¢V) and 430nm
(2.9eV) bands observed in our experiments
agree well with those emitted from the F*
and the F centers, respectively. Thus, we
can conclude that the 330nm and 430nm
bands induced in alumina samples by
175MeV-Ar8+ irradiation are ascribed to
radiative recombination of excited electron-
hole pairs through oxygen vacancies. A
time-resolved intensity of the 330nm band
during the ion irradiation is shown in Fig.2.

OI, RE
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Fig.1 Ion-beam induced luminescence spectra for
alumina. The observed wavelength region:
{a)490-380nm, (b)390-280nm

The interval of the obtained signals was
estimated to be 66ns, which is in good

agreement with that of 175MeV-Ar8+ pulses
from the AVF cyclotron. In addition, the
pulse width of the observed signals was 9ns,
which is very close to the width of the Ar
ion-beam pulses. Taking account of the time
resolution of our measurements, the lifetime
of electron-hole pairs excited in alumina
samples by Ar ions is estimated to be
shorter than Ins.

Figure 3 shows a luminescence
spectrum observed in SiC samples at 30K by
175MeV-Ar8+ irradiation (beam current
=30nA). In this spectrum, a weak band was
observed at 550nm. No significant photon
emission due to ion irradiation was observed
for Si samples. Thus, the observed band is
thought to be emitted from only SiC whereas
175MeV-Ar ions ( the mean ion depth

53000

-
R

80. 6o

M

100. 00

INTENSITY (Arb.Unit)

40.00 50,00

TIME (ns)

0.00 20. 0e

Fig.2 Time-resolved luminescence-signal induced in
alumina by Ar ion irradiation.
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!
M
| i '
208 300 400

o

Fig.3 Ton-beam induced luminescence spectrum
for SiC.

=45um in SiC) penetrate to the Si substrate
under a thin SiC layer. The photon energy of
this band is approximately 2.3eV, which
corresponds to the band gap of SiC (2.4eV at
4K). This result suggests that the 2.3eV
luminescence is caused by the electron-hole
recombination between the conduction band
and the valence band. Phonons are probably
incorporated in the recombination process
from the fact that SiC has an indirect energy-
band structure. Further investigations are
needed to clarify the emission processes of
photons in SiC. It was also found that the
intensity of the 550nm band decreased with
the fluence of Ar ions. This result can be
explained by the generation of non-radiative
recombination channels in SiC by the
irradiation.
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We have performed wavelength- and
time-resolved optical measurements of
luminescences induced in sintered alumina

and SiC semiconductor by 175MeV-Ar8+
irradiation. Two luminescence bands were
observed at 330nm and 430nm in the
wavelength-resolved spectra for alumina
samples. The photon energies of the 330nm
and 430nm bands agree well with those of
luminescences87) accompanied with the F+
(Vo*) and the F (VoY) centers in sapphire,
respectively. Thus, it can be concluded that
these bands arise from the electron-hole
recombination associated with oxygen
vacancies. We obtained the time-resolved
signals of the ion-beam induced lumines-
cence (330nm emission) for alumina
samples. The shape of the time-resolved
signals suggests that the lifetime of electron-
hole pairs excited in alumina by ion
irradiation is shorter than 1ns. A
luminescence band at 550nm was first
observed in the ion-beam induced
luminescence in SiC. This result can be
accounted for by the recombination between

electrons in the conduction band and holes in
the valence band in SiC.
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AN EVALUATION OF THE SINGLE EVENT UPSET EFFECT BY

HEAVY ION ON SRAM FOR SPACE APPLICATION

Ichiro NAITO*, Takashi TAMURA”, Sumio MATSUDA,
Isamu NASHIYAMA™*, Toshio HIRAO™* Hisayoshi ITOH™*
*National Space Development Agency of Japan,

**Department of Materials Development, JAER]

L.Introduction

In space application, probability of upsets
are important to determine the reliability of
the system. In order to predict event rates
for SEU in space based on experimental
measurement, it 1s at least necessary to
measure both saturated cross-section and
LET threshold. These two parameters are
measured with ion beam perpendicular to the
chip of the device under test and are used
directly as the experimental upset cross-
section and LET threshold parameters.

Space radiation particles trapped by the
Earth's magnetic fields have seriously effects
on artificial satellites. These radiation belts,
Van Allen belts have double structured fields
surrounding the Earth. The inner zone of the
Van Allen belts has altitude of 2,000-
5,000km on the equator and the outer zone
extends over 10,000-20,000km.

In addition to the trapped radiation, the
galactic cosmic rays and solar radiation
induced by solar activity can also have
effects on artificial satellites.

The satellites in low earth orbit (400km -
900km) and in geostationary orbit (about
36,000km) are exposed to electrons, protons
and heavy ions. In case of memory devices,
single event upset induced with heavy 1ons
have very serious effects on satellites.

II. Sample and irradiation method
(1)Samples
The samples used for the test are

256Kbits SRAM and 64Kbits SRAM those
are qualified by NASDA for space usage.
Table 1 shows the specification of test
samples.
(2) Irradiation Method

The "scattered ion beam” is used in order
to get uniform fluence at a sample. Fig.2
shows the concept of this test system.SSD 1s
used for counting particles Au is used as
scattering material. The particle energy is
measured by pulse height analyzer (PHA)
which is connected to the SSD through pre-
amplifier. Further, polyimide film is placed

in front of the sample in order to absorb the
scattered Au particles. Scattering angle 1s 30
degree both for the test device and SSD.
Using this scattered ion beam, three samples
could be tested simultaneously. On the other
hand the ion beam is directly irradiated to a
test device in case of the energy purity of the
beam 1s important.

III. Measurement results
(1) Beam Spectra

The normalized beam spectra are shown
in Fig.3. In this figure, some of the scattered
beam spectra are broad. As shown in Fig.1,
the upset cross-section in the low LET
region changes radically, LET spectrum
must be sharp. However, by inserting the
polyimide film, the beam spectrum becomes
broad. From this reason, in case of
measuring the saturated cross-section the
scattered ion beam 1is used and in case of
measuring LET threshold direct irradiated
ion beam is used.
(3) Upset Cross Section

Fig.3 shows the upset cross section

versus LET. From these figures LET
threshold and saturated cross-section are
obtained. These values are listed in Table2.
Applying these value to CREME CODE,
upset rates of the devices in the space
environment are predicted. Table 2 also
shows the results of this calculation.

IV. Conclusion

LET thresheld and upset cross-section are
obtained for 256K bits SRAM and 64Kbits
SRAM. Their upset rates in space
environment are predicted.

We plan to evaluate another devices such
as DRAM, FPGA, Flash Memory in order to
investigate the possibility of usage of these
devices in space.

Reference
1) Adams, Jr. and James H., NRL
Memorandum Report 5901 (1987).
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Table 1 Specification of test sample

lieavy ion

20 30

Devices 04K bits SRAM 256K bits SRAM
Part Number NASDA NASDA
38510/92001XBD § 38510/92001XBD
Technology | CMOS CMOS
Words 8,192 63,536
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LEOI*! [ LEO2*2 | Geostational Orbit
256Kbits SRAM 6.4 3.2¢-8 8.6le-8 | 1.70e-7 7.58e-7
64Kbits SRAM 17 3.9¢-7 7.09¢-9 | 1.33e-8 §.47e-8

*1:Hight 400km,inclination 28.8deg, *2:Hight 500km inclination 51.6deg
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EFFECT OF RADIATION DAMAGE ON SINGLE-EVENT TRANSIENT

Therefore, we consider that radiation damage

1.4
CURRENT MEASUREMENT.
Toshio HIRAQ, Toshiji NISIHIMA*, Tomihiro KAMIYA,
and Isamu NASHIYAMA
Department of Materials Development, JAERI
*Electrotechnical Laboratory

1

Single-event upset (SEU) is triggered
when an amount of electric charges induced
by energetic ion incidence exceeds a value
known as a critical charge in a very shoit
time pertod.

Therefore, accurate evaluation of electric
charges and understanding of basic
mechanisms of SEU are necessary for the
improvement of SEU tolerance of electronic
devices.

Several attempts have been made for the
direct measurements of extremely [ast
transient currents induced by single ion
strikes on a p/n junction, and charge
collection mechanisms such as drift,
funneling, and diffusion effects have been
studied. 1.2.3.4)

Last year, we reported in the TIARA
Research Review Meeting that measurements
of transient currents were made in success
for 6 MeV helium and 15MeV heavy-ion
incidence on a p/n SEU diode at various bias
voltages. We have obtained detailed

information about the charge collection 0,

2. EFFECTS OF RADIATION DAMAGE
It is found in the previous work® that

collected charge increases with increasing
the bias voltage and LET. We compared
experimental values with theoretical values
of collected charges as shown Figure [,
where the theoretical values are calculated
using screened Mclean-Oldham's (Mc. & O)
model7-8). Mc.&0.model are reproduces the
experimental values fairly well for the He-
ion incidence. For heavy ions, however,
experimental values do not show such strong
bias voltage dependence as the Mc. & O.
model prediction. We consider that this
discrepancy is due to the elfect of radiation
damage.

In our experiments, Transient currents
were measured using the 40GHz wide-band
sampling oscilloscope (Textronix model
CSA803) which requires at least 512 trigger
events to produce a complete wave form.

is introduce during measurements.

Figure 2 shows how the wave form of the
transient current changes with the repetition
number of the measurement for 15MeV Fe-
ion irradiation. The peak height of the
transient current decreases with increasing
radiation damage. The whole shape of wave
form, however, does not change much by
irradiation. In the case of 6 MeV helium
incidence, we did not observe significant
radiation damage.

RADIATION DAMAGE CONSTANT

In order to evaluate the effects of
radiation damage, we assume that the amount
of the collected charges is proportional to the

minority carrier mobility (1) and that the
degradation of the mobility is expressed by

the equation, wl=pg -4 KiLp, where KL is

mobility damage constant and ¢ is the
{luency of the incident ion beam. Then we

obtain the relation, (Q/QQ)-!1 =1+ KnN,
between normalized collected charge Q/QQ
and the repetition number of measurements
N. Reciprocals of normalized collected
charges are plotted in Figure 3 as a function
of the repetition number of the measurements
for 15MeV C-, O-, and Fe-ions irradiation.
As is expected, experimental values lie in
straight lines and we can obtain the damage
constant Kn from the slope of the lines by
the least square fit to the experimental
values. Obtained values of Kn are
normalized by the value for 6 MeV helium
ion irradiation and tabulated in Table 1.
Relative values of theoretical damage
constants are also tabulated, which
correspond to the values of dpa
(displacement per atom) calculated by
assuming Coulomb potential and Kinchin-
Pease damage model. The agreement
between the experimental and theoretical
damage constants is excellent. This indicates
that the decrease in the collected charge is
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due to the degradation in minority carrier
mobility and that we can theoretically
evaluate the effect of radiation damage
introduced during the measurements.

4, SUMMARY,

We found that irradiation effects on the
total collected charges can be explained by
the introduction of displacement atoms
calculated using Coulomb potential and
Kinchin-Pease model. In order to avoid the
radiation damage, a single-ion hit technique
seems necessary for SEU experiments.

The authors would like to acknowledge
Mr. Tajima who spent many long hours
operating the accelerator for us.
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Fig. 1 Relation between collected charge and bias
voltage. Solid liries are calculated using
screened McLean and Oldham's model
mechanism of SEU.
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Table 1 Relative radiation damage constants {or
sollected charges. Experimental and
theoretical values are compared.
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1.5 Proton Irradiation Effects of Amorphous Silicon
Solar Cell for Solar Power Satellite

Y. Morita, S. Sasakil, 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 envi-
ronment 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 the a-S§i
solar cells, the studies of radiation
resistance of the a-Si solar cells
comes to be reported for the
purpose of using in space?).

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

Fig. 1 shows a schematic diagram
of the simultaneous irradiation
system for the a-Si and the c-Si
cells. Incident angles of proton
beam and light beam(1 solar in
Air mass Q) of the solar simulator
to the solar cell samples were a
right and 40.5 degree, respectively.
The irradiation of proton(10 MeV)
to the solar cells was carried out by
scanning the lcm¢ spot beam

(~80nA) in the area of 10x10 cm?.

The electric output power
(Pmax=(IxV)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: 113x120x0.25mm3,
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. lpm.
Crystalline silicon (c-Si) solar
cell(size: 20x20x0.1mm3, 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 ¢-Si solar cells, which were
irradiated simultaneously by 10
MeV proton and light from the
solar simulator. Although the
number of the test cells are
limited, the results indicate that
the a-Si cells have a higher
radiation resistance by 180 times
than the single crystalline cells.
One of the reasons for the higher
resistance could come from
extremely thin structure of the a-
Si cell layer.

The equivalent damage fluence
during 1 year for SPS 2000 on the
1100 km equatorial orbit is
estimated as 2.1x1010protons/cm?
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 5-10% with the fluence of
2x1013proton/ecm?2  at  10MeV,
which corresponds to the total
fluence for the SPS 2000 during
over 100 years. But, if the c-Si solar
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cell is adopted for the SPS, the

fluence(7x1010 protons/cm?) at 5-
10% degradation of the Pmax in c-
Si cell corresponds to the total
fluence for the SPS 2000 during 3.5
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
irradiated by proton recovered
rapidly immediate after the irradi-
ation, and gradually to its initial
value in the term of 40 days. In the
same irradiation and storing con-
ditions, Pmax of ¢-Si cell samples
do not recover at all. In c-Si solar
cell, degradation of its electrical
property by the irradiation is
caused by formation of the various
defects in silicon crystalline. The
most of these defects are not an-
nealed at ambient temperature
region. On the other hand, degra-
dation of a-Si solar cell is caused by
formation of Si dangling bonds
which are generated by breaking
§i-Si and Si-H bonds in a-S§i by
electronic interaction between
proton and a-Si. As these dangling
bonds react with hydrogen
migrated in a-Si, and generated by
the irradiation of PET4), it is
considered that the degradation of
the Pmax 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
photodegradation is improved as is
now expected.
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Radiation Effects of Solar Cells for Space Use
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Yousuke MORITA** Isamu NASHIY AMA**
*Nationat Space Development Agency of Japan (NASDA)

**Department of Materials Development, JAERI

1 . Introduction
Solar cells on the satellites are important for
- supplying electric power to the satellite systems.
Electrical performance of solar cells degrade
with time because of radiation in the space
electrical

environment.  Degradation  of

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.

Engineering Test Satellite-V (ETS-V) was
launched on 27 August 1987 and put into
geostationary orbit. ETS-V was equipped with
the Solar Cell Momtor (SCM). SCM is
composed of 24 solar cells and measures
radiation effects on various solar cells m the
space. These cells differ in cell thickness, cell
structure, epitaxial layer growth method, cover
glass thickness and cell material (Gallium
Arsenide

radiation effects on these properties.

and Silicon) to investigate the

Fig. 1 shows the degradation data for three
different types of solar cells, Gallium Arsenide
(GaAs) cell made by Liguid Phase Epitaxy
(LPE) method, Silicon with a Back Surface
Field and Reflector structure (Si BSFR) 200um
cell and Si BSFR 50um cell. The vertical axis
indicates the percentage of the normalized short
circuit current (Isc), which 1s also called

remaining factor (RF) of Isc. The RF doesn't

start from 100% because of degradation of the

solar cells by radiation belts on the transfer orbit.
This data shows significant degradation due

to solar flares from August to October in 1989,
We performed tests to investigate radiation

effects on solar cells.
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Fig, 1 Flight data of three solar cells in SCM
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1. Sample and Irradiation Method

The samples are St BSFR and GaAs solar
cells. The Si BSFR solar cell 1s 2em X Zem X
100um. The GaAs solar cell is 2em X Zem X

200um. Neither cells have cover glasses.

The irradiation method is describe below., We
adjusted the shape of a proton beam to about
lem diameter and scanned the beam in the
region of 10cm X 10cm. Solar cells are fixed to
a 10cm X 10cm aluminum board with double-
sided adhesive tape. Using this method, 6 to 12
cells can be irradiated simultaneously.

We measured beam charge in order to

determine ion fluence, which i1s evaluated by
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subtracting the secondary electron charge from
the measured beam charge. The secondary

electron charge is about 10% of the total charge.

I, Test Results

Fig. 2 and Fig. 3 show the 10MeV proton
fluence dependence of normalized electrical
performance about Si and GaAs sclar cells.
Electriﬁal performance parameters are Isc. Voc
(open circuit voltage) and Pmax (maxitﬁum
power). Electrical performance degrades with
increase in proton fluence. Normalized electrical
performance can be expressed by eq.(1)1.

7=1-CXlog(1+®/¢x) (1)
n :normalized electrical performance, ¢ :fluence,
C, ¢ x:fitting parameters

Table 1 shows the fitting parameters (C, @ x)
derived from an approximation of the least
square of eq.(l1). Here, ¢ x indicates the
threshold of degradation of electrical
performances, and C indicates the gradient of
the fitting curve.

Fig. 4 shows the difference of Isc degradation
behaviors in Si and GaAs solar cells between
IMeV electron irradiation and 10MeV proton.

We can find that GaAs and Si solar cells
suffer similar degradation when irradiated by
electrons, but GaAs solar cells suffer less

degradation than Si when irradiated by protons.
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Table 1 Fitting parameter of eq.(1) in irradiation of 10MeV proton

Si-100 Bare GaAs-200 Bare
C dx C Px
Short circuit current (Isc) [.72E-01 3.13E+10 1.44E-01 3.04E+11
Open circuit voltage (Voc) 8.76E-02 8.30E+09 1.22E-01 3.93E+11
Maximum power (Pmax) 2.05E-01 I.24E+10 2.11E-0] 9.91E+10
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This phenomenon is expected to relate with cell
structure, and we will investigate continuously.
We shall confine our attention to the
dependence of Isc on solar cell thickness. Fig. 5
shows the normalized Isc of Si solar cells. Thin
solar cells (Si-30) suffer less degradation than
thick (Si-200) solar cells at low fluence. At high
fluence, however, thin solar cells suffer more

degradation than thick solar cells.
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Fig. 5 Effects of thickness of Si solar cells on

their degradation by 10MeV proton

We performed 20MeV proton irradiation

tests to investigate the dependence of
degradation on proton energy. Fig. 6 and Fig. 7
show the dependence of degradation of Si-100
and GaAs-200 by 10 and 20MeV proton at the
same fluence. We found that degradation of

electrical performance decreases with increasing

proton energy in Si solar cells, though
%0
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Fig. 6 Effects of proton energy on the

degradation of Si solar cell
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Fig.7 Effects of proton energy on the

degradation of GaAs solar cell

degradation increases with increasing proton
energy in GaAs solar cellé. NASA previously
performed similar tests on Si solar cells with
different results. However, we tested relatively
in narrow range of proton energy, so we will

perform more tests over a wide range of energy.

IV. Congclusion

Fitting parameters of 5i and GaAs solar cells
were obtained by the irradiation of 10MeV
proton. GaAs solar cells were more resistant to
proton radiation than Si solar cells. S1 solar cell
degradation depends on cell thickness.

Further, we plan to obtain degradation
dependence of Si and GaAs solar cells on proton

energy.
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Charge Distribution in a Small Sensitive Volume

due to the Si(p.x} Nuclear Reactions. (Ii)

Y.Takami, Y.Morital, LNashiyamal, T.Tamura2, M.Uesugi2
Institute for Atomic Energy, Rikky¢ University, Department of
Materials Development, JAERIL, NASDAZ

Recoil energy spectra, both
experimental and computed, for 40 MeV
protons are illustrated in Fig.l.
Round circles indicate experimentally
measured values, while stepwise solid
lines is computed values for whole
non-glastic receil events and smocoth
solid line is the one for elastic
recoil events.

The elastic recoil spectrum was
converted, through kinematic
calculation, from differential cross

sections of elastic scattering

chtained by the optical model. The
receiled nuclei spectrum by non-
elastic reactions include all
energetically allowed reactions,
except for elastic reacticn. They

were computed by the MCEXCITON code ' .

In the computation, enerqgy deposition
by emitted light particles is not
taken into account. This caused a
part of the discrepancy at the high
energy region between experiments and
computed results. This discrepancy
is evident in the energy region above
5 MeV,

Enother factor in the high energy
region discrepancy is 1long proton
trajectories scattered in a Si
detector. The radiation s%nsitive
regipn of the detector was 10 pm and
2x10° pm in thickness. A considerable
portion of the scattered protons are
likely to travel long paths, which
are closely parallel to the detector
faces, before leaving the sensitive
depleted regicn of the detector.
Experimental values show a steep
increase at the energy region below 1
MeV. On the contrary, computed
values by elastic scattering giv§
extremely steep rise of up to 10
mb/MeV at the vicinity of 0 MeV.
This is attributed to the fact that
the so-called "folilding”" was not made
for the computed values regarding the
actual energy resolution of Si
detectors and the associated

electronic system. However,
experimental recoil energy spectra
agree quite well with the spectra
computed by the MCEXITON code.
Consequently, the computed nuclear
reaction cross section by the ceode is
satisfactory for the prediction of
SEU rates.

SEU cross sections of the 93L422
(LTTL, RAM, 256x4 bits, AMD) were
experimentally measured in the proton

range og' 10 to 70 MeV by a
cyclotron ',

Assuming the sensitive 3volume
dimensions to be 39x39x2 pm, the
energy deposit for emitted alpha

particles and protons were cocmputed
and shown in Fig.2. In the
calculation range-energy relations of
Ziegler's data table were used as a
main reference.

Deposit energy distributions in the
sensitive volume are now computed and
known for the protons of 40, 30, 20,
10 MeV. After integrating deposit
energy distribution from energy E to
E=, one can obtain the relation
between critical energy deposit E and
upset cross section. Fig.3 shows
computed upset cross section vs,
critical energy deposit E_, for 40 MeV
protons aqd a sensgitive volume of
39x39%2 pm . Individual upset cross
sections for major nuclear reactions
are also illustrated together with
the total upset cross sections.

Our computed values of SEU cross
sections of 930422 for 40-, 30-, 20-,
and 10-MeV protons are tabulated yith
Shimano et al.'s cyclotron data  in
tablie 1,
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Fig. 3 Computed SEU cross sections vs.
critical energy deposit, Ec, for 40 MeV
protons and a sensitive volume of

39x39x2 pm®. Individual cross sections

for major nuclear reactions are illustrated
together with the total upset cross section.

Table 1 Experimental and computed cross sections in cm®/bit.
For 93L422(LTTL, RAM, 256x4 bit, AMD), assuming 39x39x2

umn® sensitive volume.

E.(MeV) Experimental val- Computed values
ues hy Shimano by our model
et al.?’.
40 1.05x107"° 0. 7T7x10°1°
30 0.73x107'° 0.80x107'°
20 0.37x10°*° 0.69x107°'°
10 0.05x107*° 0.12x10°*°




JAERI-Review 94-005

ESR Studies of H' Ton Implanted Synthetic Diamond Crystals

J. Isoya, S. Wakoh, M. Matsumoto, and Y. Mon'ta*
University of Library and Information Science,

*Department of Materials Development, JAERI

In 1on

Although relatively large synthetic dia-
mond crystals of high-quality are now
available as a result of recent developments
in high-pressure synthesis, applications are
still limited to those utilizing the unique
physical properties such as hardness, high
thermal conductivity and optical transparen-
cy in wide range. To develop applications
to electronic or optic devices, incorporation
of new impurities which create useful prop-
erties is required. While p-type semicon-
ducting crystals are easily obtainable by in-
corporating boron, growth of n-type crystals
is not established yet. Since incorporation
of dispersed impurities at the growth stage
is so far limited to only a few elements (N,
B, Ni) and since doping by thermal diffu-
sion does not seem possible, ion implanta-
Hion is interesting as a potential method of
introducing new impurities into diamond.
Impurities which are implanted may not
necessarily be incorporated as isolated im-
purities. Moreover, lattice damages are cre-
ated by the irradiation. Microscopic struc-
taral analysis of ion-implanted diamond
crystals should be helpful for searching
conditions to create isolated substitutional
impurities by ion-implantation. We use
ESR technique to identify the local struc-
ture of implanted ions and that of implanta-
tion-induced defects. In this paper, we
present results of ESR measurements of
high energy H' ion implanted synthetic dia-
mond crystals.

Experimental
For the H'-implantation, synthetic dia-
mond crystals were bombarded with H”

ions (10 MeV, 45 MeV) from an AVF cy-
clotron (JAERI Takasald) at room tempera-
ture. Diamond crystals are classified into
four types, type-la, Ib, Ia, and IIb, accord-
ing to the concentration and the form of ni-
trogen impurities. Boron-doped crystals be-
long to type Ib. Various synthetic crystals
with various concentrations of impurities
(N, B, Ni) were implanted. The ESR mea-
surements were performed on a Bruker
ESP300 X-band spectrometer by using an
Oxford Instrument ESR-900 to control the
sample temperature.

Results and Discussion

After g implantation, several kinds of
ESR signals which are likely to be arising
from vacancy-related defects (isolated va-
cancy, vacancy-complex, vacancy-impuri-
ty-complex) were observed. It has been
found that the kinds of implantation-in-
duced defects are different among the dif-
ferent types of diamond crystals. So far, no
ESR signals exhibiting hydrogen hyperfine
structure have been found for all the crys-
tals studied. Thus, it is likely that hydrogen
implanted exists mostly in a non-paramag-
netic form.

The ESR signal of amorphous carbon
was not detected. After H' implantation,
the ESR signal intensities of impurites
which had been incorporated at the growth
stage changed. However, broadening of the
linewidth which should be induced if the
lattice was highly distwrbed is not notice-
able.The fluence dependence (1-"7:':1015
H*/cm?) has been studied for 10 MeV
Htimplantation. It is noted that the increase
of the ESR signal intensities of vacancy-re-
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lated defects with the increase of the flu-
ence has a tendency of saturation at higher
fluences. In a crystal grown from metal sol-
vent of Ni-2%Ti, with the increase of flu-
ence, the signal intensity of isolated nitro-
gen decreased and that of interstitial Nitin-
creased (Fig.1). In a type-IIb crystal, the
signal intensity of interstitial Ni* decreased
with the increase of the fluence. These
changes in the signal intensity are likely to
be caused by the changes in the charge state
of the impurities.

The isolated lattice vacancy is the pri-
mary defect that is produced upon irradia-
tion with energetic particles. In H+-implant—
ed type-Ila crystals, the Al spectrurnl) was
dominantly observed at low temperature (
Fig. 2) while the R1 spcctrumz) Wwas strong-
ly observed at room temperature (Fig. 3).
The Al center was originally found in elec-
tron irradiated type-Ila cxystals.l) In type-
[a crystals, it is likely that the neutral va-
cancy which is nonparamagnetic is the
major radiation damage induced by H'-im-
plantation as in the case of electron irradia-
tdon. The negatively charged vacancy is
produced in type-Ib synthetic crystals after
2 MeV electron irradiation.¥ In Ht-im-
planted type-Ib crystals, negatively charged
vacancy was dominantly produced. With
lower nitrogen concentration, the Al spec-
trum was also observed at low temperature
(Fig. 1) while the R1 and R2 spcctraz) were
observed at room temperature (Fig. 3). In
H*-implanted type-IIb crystals, the NIRIM-
3 spectrum (S=1/2, tetragonal symmetry, g ,
=2.0009 and g = 2.0022 at 4 K) which was
originally found in type-IIb crystals after 2
Mev electron irradiation®) was strongly ob-
served at low temperature (4 ~20K). Since
the NIRIM-3 center dominates in boron-
doped crystals after irradiation with high
energetic particles, the specttum might be
related to the posidvely charged vacancy.

However, the spin density {0.05) on each of
four carbons giving the 3C satellite lines (
A!/ =1.17 mT, and AL =0.75mT at4 K) is
likely to be too small for the nearest-neigh-
bors of isolated vacancy unless the wave-
function of the unpaired electron is consid-
erably dcloca]ize¢4) Thus, the microscopic
identification of the NIRIM-3 center has not
yet been established. While the NIRIM-4
center (8=3/2, orthorhombic symmetry, the
principal values of the g-tensor: g,=2.0050,
§,=2.0042, g,=2.0059, the principal values
of the !'B hyperfine tensor: A4,=1.16 mT,
A2=1.52 mT, A3=0.90 mT) is observed in
boron-doped  crystals  after  electron
irradiation4), the Al center was observed in
boron-doped crystals after H implantation
(Fig.2).

The amount of the point defects created
with 45 MeV H'-implantation was much
lower than that with 10 MeV H*-implanta-
tion.
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Ion Beam Apparatus for Biological Samples (III)

Penetration Controlled Irradiation Technique
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H. Watanabel)
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2) Department of Advanced Radiation Technology, JAERI

(1) Introduction

Irradiation Apparatus for Cell
(IAC), which has been connected to a
beam line of 3MV tandem accel-
erator,was made up for ion
irradiation of biological samples by
controlling the rangel). Ion beams
can be taken out through a kapton
film of 7.5um thickness from
vacuum chamber and can reach the
target such as biological samples in
atmosphere. In this experiment, the
range was measured as a function of
the distance from beam window
using cell lethality and radiochromic
dosimeter (RCD) film. From the
result, we confirmed that the ion
‘range in a target could be controlled
by changing the distance from beam
window to a target instead of
changing the initial incident energy
of ion beams.

(2) Materials and Methods

The ion beams used in this
experiment were 6MeV He2+ and
18MeV C5+. Two kinds of targets
were used for the measurement of
the range of ion beams, i.e., RCD
film for He ions and aluminum-cell
system for He and Cions. RCD film
(50um in thickness), lying perpen-
dicular to ion beams, were irradiated
with more than 20kGy, and the depth
of blue-colored range was measured
using optical microscope. On the

other hand, lyophilized cells of
Deinococcus radiodurans that were
monolayered on $50mm filter were
used for aluminum-cell system. As
shown in Fig.1, the filter was
covered by several pieces of
aluminum foils with successively
inscribed squares. The aluminum-
cell was irradiated perpendicular to
jon beams with around 50kGy which
is enough dose for cell death if ion
beams could reach to monolayered
cells through the aluminum foils.
Inscribed six pieces of aluminum
foils of 3um thickness were used for
He ion irradiation, and eight pieces
of foils of 0.8um thickness were used
for C ion irradiation. After 3 day
incubation of cells on the filter which
was put on TGY agar medium,
survivals of cells were measured.
Theoretical range of ion beams was
calculated by ELOSS code as a
constituent of IRAC code system2).

(3) Results and Discussion

Fig.2 shows the result of the
ranges of He ions measured by RCD
film. Range of ion beams in film
decreased linearly with increasing
distance from beam window. Fur-
thermore, each range approximately
agrees with calculated value.
Whereas, the range in aluminum-cell
system also decreased linearly with
the distance from beam window,
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however, the ranges were about 2~3
um shorter than calculated ranges
(Fig.3 and Fig.4). Fig.5 shows the
range converted to biological
material using the results of Fig.3
and Fig.4. It can be seen that the
range in biological material could be
controlled linearly in the range from
about 1 pm to 30um by changing the
distance from beam window to the
target. However, the difference of
range at about 3um was found
between the converted value and the
calculated value, even considered the
1um thickness of cell as shown by
slashed line in Fig.5. As shown in

RCD film
[
L RCD film
ion beams ]
— |~ sample holder
L

Fig.1

Fig.4, cells could survive even after
irradiation at 13mm or above
distance from beam window where
ion beams was expected to penetrate
the cells from theoretical calculation.
Therefore, some factors such as
fluence and LET that affect the cell
lethality may affect the difference
between experimental result and
calculated result.
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lon beams, which belong to high
LET (linear ezergy transfer} radi-
ations, are considered to be effi-
cient mutagenic agents applicable
to nutaiicn breeding of barley
plant. The present studies were
initiated siming to obtain mutants
with practically useful traits.
HEowever, little hag been studied
the effect of ion besm irradiation
on induction of mutation in barley.
Therefore, we have examined sur-
vival rete after irradiation and
have ingpected mutatien specirum
induced by ion beam(C®*).

Dry seeds of barley (Hordeum
vulgare ¢v Haruna Niivou) were
irrsdisted with ion besm{C®*) at
various doses. While irradiation,
enmbryo side of the seeds were kept
facing toward ion beam. Irradiated
seeds were sown and growz to matu-
rity in & greenhouse. Survivel
rate was measured 4 months after
sowing. Self-polimated seeds (Ms)
were harvested, then next year
ihose saeds were sown in an exper-
imental plot. Mutaled barley
plents were inspected in Ma germer-
gtion, sod mutation rate induced
by ton beam was caleulated. Even
85 high as 100 krad irradiation,
alwoet all barley seeds were able
to germinate. However, thevy could
not grow further. About | month
sfter germination, those plants
were all died. Therefore survival
rate was caleulated by the formuls,
number of plants grown {o maturity
/number of sown seeds irradiated
¥ith ion beam. Table | shows ihat

survivael rare of barley seeds ir-
radiated a4 various doses. At 10
krad irradiation, 80% ol seeds
could germinete and have grown to
gaturity, At 20 krad irradistion,
survival rate merkedly decreased
to §%. Above 30 krad irradistior,
slmost all seeds could not survive.
A few My plants were survived at
20 krad irradiation. They were all
morphotoglenally distorfed and were
completely sterile. M. plants ob-
tained - from irradiation over 5
krad had somewhat clear abersiions
such as ¢rooked leaves and exira-
ordinal formation of tillers. Butl
no mutation of chlorophyll defi-
ciency was observed in M. plants.
As feriility of M. plants irradi-
ated at 10 Xred was over 90%,
enough Ma seeds were able to bhe
obtained from 10 kred irradisted
plants. Those Mz seeds were used
for the check of cccurrence of mu-
tations in Mz generstion. The ger-
mination rate of those seeds was
about 98%., Therefore we used bar-
ley seeds irradiated at 10 krad
for invesligate mutation specirun,
Mutations induced by ion beam{C®*]
were almost all chlorophyll defi-
gient mutetlions such as albino,
xantha and steipe {Table 2). We
could ot fiznd any obvious mutants
other than chlorophyll deficient
nutants, This amight be the reason
that we did nolt apply any selec-
tion pressure to Mz plant popula-
tion. Mutaion rate of the whole
chlorophyll deficient mutants was
gbout 2% {n M2 generation.
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Thug, mutations induced by ion induce useful trait in barly. HNow,
beam {C®*) in barley were found 1o we are going to isolate disesse
be relatively high in Mz genmera- regsistent mutants of barly by ion
tion. This result suggest that ion beam.

beam c&n be 8 potsnt mutagen to

Table 1. Effect of ion beam(C®%*) irradiatioen on the
gurvivel of barley (cv haruma Nijyou)

Dose (Krad) 0 & 10 20 30 50 100

Survivel rate (X) 100 94 80 § { 0 i

Survival rate was measured 4 months after sowing

Table 2. Frequency of chlorophyll deficient mutants
appeared in Mz generaiion

[on beam Dose Kunber of Frequency of chlorophyll
{Erad) Ma plants deficient mutants
ot 10 . 6,000 2. 1%
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2 3 Effects of Ion Beams on the Germination and Survival
Rate inArabidopsis thaliana

A. Tanakal), Y. Yokota2), H. Watanabel), N.Shikazonol) and

S. Tanol)

1) JAERI, Advanced Sci. Res. Center at Takasaki, 2) Beam

Operation Co.

(1) Introduction

Ion beams with high LET are
thought to have the high relative
biological effectiveness (RBE) com-
pared to low LET radiations such as
X- or gamma rays, because of
concentrated deposition of the energy
in biological materials. From the
biclogical standpoint of view, ion
beams may have the following
characteristic effects: 1) difference in

‘the induced mutation spectrum, 2)
difference in the frequencies of the
induced mutations, 3) frequency and
size of the induced chromosome
deficiencies and 4) difference in
nature of the DNA strand breaks and
their repair mechanisms. However,
only a little information is available
on plant materiall),2) until now.

In order to elucidate the biological
and genetic effects of ion beams on
the plant material, a basic research
was conducted by using Arabidopsis
thaliana. This plant is very conve-
nient for the biological investiga-
tions, because it has the following
characteristics: 1) short generation
time (4-6 weeks), 2) possible self-
and cross-pollination, 3) mutants
may be easily obtained, because of
the small plant size, small genome
size, and little repeating sequences in
DNA, 4) the chromosome and RFLP
maps are available, 5) Tiand Ri

plasmids can be used to transform
DNA, 6) plant regeneration is
possible from the protoplast, and 7)
the seed and gene banks have been
established.

(2) Materials and Methods

Seeds of two ecotypes of
Arabidopsis thaliana, Columbia (Col)
and Landsberg erecta (Ler) were
irradiated by various ion beams from
the AVF cyclotron.

The ion beams used were 4He2+
(50MeV), 4He2+20MeV), 12C5+
(220MeV) and 20Ne7H260MeV).
Electrons(2MeV) were used as a low
LET radiation. About 300 seeds
were sealed between kapton films to
make monolayer of the seeds for
homogenous irradiation. After
irradiation using the irradiation
apparatus for seed at HY-1 beam
port, these seeds were placed on the
moistened filter paper in petridish

and kept at 4°C for 3 days. The
germination rate was measured when

‘the cotyledons were expanded after 3

day incubationat 230C under
continuous light (2,500 lux). In the
case of the survival rate, the
irradiated seeds were sown in pots
and the survived plants were counted
when the true leaves were expanded
after one month under the same
culture conditions.
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(3) Results and Discussion

Energy, LET and range of each
ion beam and electron were listed in
Table 1. The size of Arabidopsis
seed is about0.2 x 0.5 mm,
therefore, all ion beams and
electrons can pass through the seed.
Fig.1 shows the germination rate
against the irradiated dose of each
ion. In case of germination, 37%
inhibition dose became small
according to the increase of LET
value. And the response to ion beam
irradiation was different between the
two tested strains, i.e., Ler strain
showed higher sensitivity than Col
strain to all kinds of ion beams used
in this test.

Relationship between LET and the
biological effects such as DNA strand
breaks and lethality has been studied
mainly in the microbials and the
mammalian cells3),4). It is generally
accepted that the maximum effect is
observed between 100-200keV/um
among various kinds of ions. In case
of the germination rate in this exper-
iment, Ne ions showed the highest ef-
fect compared to other ions. On the
other hand, the difference between
two strains was not observed in case
of the survival rate. Fig.2 shows the
relationship between the survival rate
and the dose in Col strain. In this
case, C ions gave higher effect than
He and Ne ions. In this figure, Ne
ions showed clearly different nature
which did not have a shoulder in the
survival curve. This result suggests
that Neions may have the different
radiobiological effects.

From the results obtained, the re-
lationship between LET and RBE,

based on the dose which gave the
37% germination and the survival
fraction, was presented in Fig.3. No
clear peak was observed in case of
the germination rate, but the maxi-
mum peak for the survival rate was
observed around LET of 100
keV/um.

It was suggested that the radiobio-
logical effects of various kinds of the
heavy ions may be different each
other. Therefore, many kinds of the
mutant lines induced by ion beams
should be established to proceed the
genetic analysis of the effects of ion
beams to Arabidopsis thaliana.
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Table 1 Properties of electrons and ion
beams used in this experiment.

fon Energy Energy LET Range %’
(MeV)  (MeVa)  (keV/ism)  (mm) g
¢ 2 2.0 0.2 9 ‘g
He 20 5.0 71 0.2 3
He 50 12.5 i5 1.5
C 220 18.3 111 1.0 -
Ne 260 13.0 504 0.3

Plant survival rate(%)
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Fig.1 Dose response curves for germination
rate of Ler strain seeds.
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Fig.2 Dose response curves for survival
rate of Col strain plants.

Fig.3 Relationship between LET and RBE.
RBEs were determined as the ratio of D37
values to D37 obtained from electron beams.
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Survival of Dry Cells of Deinococcus radiodurans

after Heavy Ion Irradiation

Y. Kobayashi!, T.Shimizu?, A. Tanaka!, M. Kikuchil,

G. Taucher-Scholz3 and H. Watanabe!l

IBiotechnology Lab., Takasaki, JAERI; 2Department of Advanced
Radiation Technology, Takasaki, JAERL SBiophysik, GSI-Darmstadt

The extraordinary radiation
resistance of D. radiodurans has been
ascribed to the ability to repair all
DNA lesions including double strand
breaks(DSBs) induced with doses up
to 5 kGy?. It was reported that this
bacterium was also resistant to ion
beam irradiation and the survival
curves had large shouldersD. In the
previous studies the cells of D.
radiodurans had been irradiated
under wet conditions involving in-
direct action from water radicals.

In order to distinguish be-
tween direct and indirect radiation
effects on lethality, cells were ir-
radiated under dry condition in our
experiments. Cross sections for cell
inactivation were calculated from the
exponential part of the survival
curves. Values of relative biological
effectiveness(RBE) for inactivation
of dry cells of D. radiodurans were
determined from the ratios of in-
activation constants obtained for
heavy ions and 2 MV electrons.

When the cells were exposed to
heavy ions, all survival curves had a
large shoulder. The plots of RBE
versus LET showed no obvious peaks
at LET values up to 500 keV/um.

Materials and Methods
D. radiodurans R, strain was

cultivated in TGY liquid medium
with shaking at 30°C for 24hrs.

Stationary phase cells were lyophi-
lized on membrane filters(0.22 pm,
Millipore Co.) as a monolayer and
irradiated in the atmosphere with
heavy ions listed in Table 1.

Exposure to He, C, Ne and Ar
ions from AVF cyclotron was carried
out at TIARA in JAERI using Ir-
radiation Apparatus for Seed2(IAS);
exposure to Ne, Ar, Ni, Xe and Au
ions was carried out at the UNILAC
in GSI-Darmstadt. The dry cells were
also irradiated with 2 MV electron
beams from a Cockcroft-Walton ac-
celerator at JAERI. Particle fluences
were determined using track detector
(CR-39 film and glass). LETs were
calculated with ELOSS code devel-
oped in JAERL

Following the irradiation, dry
cells were transferred onto TGY agar
plate and surviving colonies were
counted after 2-3 days incubation at
30°C. Cross sections and F, for cell

inactivation were calculated from the
exponential part(final slope) of the
survival curves plotted against parti-
cle fluences. The inactivation con-
stants(D,) were calculated from Fj,

and corresponding LET. Values of
relative biological effectiveness(RBE)
for inactivation of dry cells were
determined from ‘the ratios of
inactivation constants obtained for
heavy ions and 2 MV electrons.
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Results and Discussion
Figure 1 shows the response of
the dry cells of D. radiodurans R, to

heavy ion irradiation carried out at
TIARA. The particle energies on the
target and LETs for our experiments
are listed in Table 1. In the case of C
and Ne ions irradiation, the beam
energies were degraded with absorb-
ers to obtain various LET values on
the target. All survival curves had a
large shoulder; about 10 kGy after
irradiation of He and C ions, about
20 kGy for Ne ions.

Figure 2 is a plot of the in-
activation cross sections as a function
of LET. The cross sections were de-
termined from the final slope of the
survival curves given in Figure 1.
This plot is not showing the satura-
tion of inactivation cross section at
LET values up to 10* keV/um,
however, charactristic hooks begin in
the data points for Ne and Ar tons.

Table 1

Figure 3 is a plot of the RBE
for inactivation of dry cells of D.
radiodurans as a function of LET. In
the case of mammalian cells it has
been reported that the RBE maxi-
mum for cell-killing after exposure
to heavy ions occurs at LET values
around 100 keV/um?, however, no
obvious RBE peaks are shown in
Figure 3 at such LET values

It is widely accepted that the
critical radiation-induced DNA lesion
finally causing cell inactivation is the
non-repaired DNA double strand
breaks. The pattern of the effect of
LET on the induction of DSBs is
comparable to the shape of the LET
response for cell lethality?, there-
fore, the RBE pattern shown in
Figure 3 scems to reflect the ability
of this bacterium to repair all DNA
lesions including DSBs.

On the other hand, Figure 3
shows an unexpected RBE peak with

Cell inactivating effects of heavy ions

Enenergy LET

Fy (p/cmz)

Ccross section
! Dy (xGy) RBE

Particle T;J:::Ir/ie)t (keV/um) (umz)
He 11.7 14.3 9.1E10 1.1E-3 2.1 0.96
He 4.1 42.8 2.4E10 4.3E-3 1.6 1.24
He 1.5 100 1.5E10 6.8E-3 2.4 0.86
C 17.3 116 9.1E9 1.1E-2 1.7 1.18
C 12.1 158 7.7E9 1.3E-2 1.9 1.02
Ne 14.4 310 4.1E9 2.4E-2 2.0 0.98
Ne 10.8 466 2.5E9 4,0E-2 1.9 1.06
Ne 7.6 596 1.9E9 5,3E-2 1.8 1.12
Ne 3.1 1030 2.1E9 4.8E-2 3.4 0.58
Ar 88 252 53.5E9 1.8E-2 2.2 0.9
Ar 5.5 1940 9.1E8 1.1E-1 2.8 6.7
Ar 2.8 2630 1.1E9 2.1E-2 4.6 0.44
Ni 13.8 2320 9.7E8 1.0E-1 3.6 0.56
Ni 5.9 ‘ 3410 8.6E8 1.2E-1 4.7 0.42
Xe 9.05 7990 2.1E8 4.8E-1 2.7 0,76
Xe 4.44 9170 1.6E8 6.1E-1 2.4 0.384
An 8.9 12480 3.3E8 3.0E-1 6.7 0.3
Au 5.4 13890 2.3E8 4.4E-1 5.0 0.39
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. . 0
the data points for Xe ions at very 107 4
high LET, suggesting that either :
production of non-repairable DNA |
lesions or inactivation of repair &
processes may occur especially at 3¢ e
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Figure 1. Surviving fractions of

dry cells of D. radiodurans R, as a

function of particle fluence(top) and
dose in kGy(bottom) after irradiation
of heavy ions listed in Table 1.

60 Figure 3.

The relative biological
effectiveness(RBE) for inactivation
of dry cells of D. radiodurans R asa

function of LET. RBE values were
determined from the ratio of
inactivation constants obtained for
heavy ions and electrons.
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2 . 5 Biological Effects in Dry Seeds of Triticum, Brassica and Allium
Exposed to 12.5 MeV/n of Particle Beams of He lons

H. Ohara, N.Inomata, 1

H. Watanabe, A. Tanaka, Y. Kobayashi, M. Kikuchi

Okayama Univ. , General Education Dept.,

TAERI, Takasaki, Biotech. Lab.2

(1)_Introduction : Biological action of a high
energetic particle beam may be primarily duc
to its high density of localized encrgy
deposition occurred within a living cell, which
will suffer soon or later from the injuries
causcd in the most critical target , DNA. The
features of cellular radiation injuries have been
noted by the induction of molecular and
structural changes in DNA, which can be
detectable as the radiation induced events of
cells at various levels. In molecular basis, it is
well known that ionizing radiations produce
single and double strand breaks of DNA as
one of the most important initial events, which
correlate intimately with biological effects!).
The radiation induced chromosome
aberrations can be recognized as the most
impressive and visible cvent of radiation
effects in both of plant and animal cells. The
studies on the radiation induced chromosome
aberrations, of which structuraj changes thus
primarily originates from initial events of
molecular damages to DNA, are thought to
indicate the nature of thc damage to DNAZ)
The major aim of the study is to understand
the nature of radiation quality. This kind of
studies>* are now capable in such a institute
like JAERI, Takasaki, which can provide a
variety of light and heavy ion beams with
different radiation quality.

In the present study, somc preliminary

2
1

results on the biological effects of 12.5 MeV/n
of particle beams of helium ions are to be
described, which included radiobiological
chracerization of three different species of
crops; wheat, rape and onion in dry seeds.

(2) Materials & methods: The dry seeds used
for the present experiments were from the

following threc species of crops.

1. Triticww_aestivum_ L. cv. Chinese spring.
2. Brassica napus L. ssp. oleifera cv. Wester.
3. Allium- cepa 1.. cv. Senshu-chuko-

kitamanegi.

The experimental sced samples were attached
to the central area (3 cmz) of a dish for
irradiation, in which abour 60-100 grains of
seeds were lined up one by one, and irradiated
by using the seed irradiation apparatus
devised at Biotech. Lab.,JAERI,Takasaki,
with different doses to cstablish a dose
dependent-response on each of some useful
radiobiological observation indexes.

The subjects of the observation for the
irradiated samples were those tests for (1) the
ability of germination, (2) the growth of roots
and (3) the ability of cell division at tip of the
roots. For germination test, seeds were placed
on the water dipped filter paper in a glass dish
and kept in the dark at 25°C. For cytology of
cells in division, root tip cells were stained
with Feulgen solution and examined details of
cell division by the traditional way of squash
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method 3,4,5)

The physical descriptions of HeZ* ion
beams will not be described here but clse
where in other report. The high cnergy of He
beams used for the preseat study seems to be
sufficient to cover a wide spread of dose
range for such relatively radioresistant
samples like plant sceds.

(3)Effect of He ions on seed germination: It
was not perfect in the dose schedules to cover
the wholc of the radiation response to
clucidate the radio-sensitivity in all of the
experimental plants. The wheat seeds (
Triticum ) showed relatively high degree of
radioresistance that 95.7 % were still the

survivors capable of germinating even under
the exposure of 400 Gy. The rapes ( Brassica
) and onions ( Allium ) showed complete
inhibition of germination against exposure of
500 Gy. Further, Allium  seeds showed only
20 % for germination rgainst exposure of
100 Gy, while remarkable inhibition was not
observed against the exposures up to 20 Gy
(Fig. 1). In comparison, Triticum seceds
seems to be the most radioresistant, being
followed by the those of Brassica and Allium

in order.

(4) Effect on growth of roots in terms of
clongation: The selccted dose range was 100 -
500 Gy, during which Iriticum seeds was the
most sensitive to reach maximally about 50 %

of growth when compared to those non-
exposcd controls. In Brassica, growth of
germinated secds showed dose dependent
change, i.e., 91.8 % of clongation for 100
Gy, 46.9 % for 300 Gy, and none for
germination and growth. In contrast, Allium
showed no inhibition of growth unless the

germination was inhibited. The exposure to
100 Gy allowed Alliwm sceds only less than
20 % for germination. The growth, however,
of root tips was not seen to be inhibited, being
comparable to those of non-exposured
controls.

(5) Cytological effects on chromosomes and
cell division: The cytological observation was
only concerned with those of Alliwn cells
which were capable of growng even after
exposure to He ions. The main subject of

present cytology was to elucidate the dose
dependent fluctuations in the frequencies of
such aberrant cells like those cclls containing
chromosome aberrations. For this purpose,
the frequencies of the cells containing such
structural abnormalities in chromosomes like
bridge formation, fragmentation, lagging in
polar movement, multipolar formation or
division, and ring formation, etc., weie
examined and analysed for the variation of the
dosc between 50 and 500 Gy. [t was found
that the frequencies of aberrant cells increased
with increasing dose to form a maximum peak
around 300 Gy, and began to decrease
remarkably at 400 Gy and more decreased at
500 Gy. This decrease may be due to the
effect of a high dose of irradiation which
causes almost complete inhibition of cells to
enter mitotic phase, which is apparently the
indication of cell death before entering
mitosis, and also leads to a remarkable
decrease in the frequency of cells at mitosis.
The other findings were that the frequency of
chromosome aberrations were aiso increased
with increasing irradiation dose, and that
almost all types of aberration were multiplied
to increase the frequencies of abnormality of
chromosomes in a cell beyond the exposure
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chromosomc aberration analysis are shown in
Fig. 2.

(6) Summary: The radiosensitivity of three
different species of crops, i.c., Triticum,
Brassica, and Allium, in terms of growth
inactivation of dry seeds was roughly
estimated by experimental exposures to high
energetic (12.5 MeV/n) particle beams of
helium ions produced by AVF cyclotron of
JAERI, Takasaki. In 4fium, an appropriatc
range of ecxposure dose of He ions was
discovercd for the analysis of chromosome
aberrations. Therefore, the next step of study
to elucidate the dosc response in aberration
frequencies at metaphase plate could be

possible.
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2.6

STUDIES ON INDUCED MUTATIONS BY ION BEAM IN PLANTS

H.Nakai, H.Watanabe*, A.Tanaka®, S,Kitayama®*, T.Asai and K.Shindoh

Shizuoka univ., *JAERI,

We have studied on the biological effect
of thermal neutrons and found that the high
LET radiation is useful as a mutagen
for induction and development of new
plant genetic resources to be used in
plant breeding.! * The present studies
were initiated aiming at application of
various ion beams,of which LET is higher
than that of thermal neutrons, to plant
mutation breeding. In the studies, some
preliminary experiments are required for
accumulating basic data on radiobiological
effects of the ion beams on plants, since
there is little data previously obtained
on this matter. This paper pertains to
effects of an ion beam, He®*, on the pollen
and seed fertility of rice plants in the
first generation after irradiation ().

Dry seed lots of rice, Oryza sativa
L.,c.v. Koshihikari, were irradiated by
ion beams{He?*) from the AVF cyclotron in
JAERI operating at 50 MeV. On the other
hands, for comparison, the seeds were
exposed to thermal nutrons with a flux of
2.9 %X 10° Nth/cm/sec for 0-6 hr in the
heavy water facility of Kyoto University
Reactor operated at 5000 kW, and exposed
to gamma- rays of 0-600 Gy from a ®°Co
source. After irradiation with three
mutagens, the seeds were brought back to
Shizucka University to grow in the
field. At

flowering time of the M, plants, the

isolated experimental

glumous flowers were collected from every

**RIKEN

plant and pollen fertility was measured by
staining the pollens from the glumous
flowers with aceto carmine. Seed fertility
per panicle {percentage of ripening) was
also measured after maturity of the M,
plants.

The effects of gammar-rays, the ion
beams (He?*) and thermal neutrons for
pollen fertility and seed fertility are
presented in Fig.l and Fig.2. In the
Tigures, the dose-response curves were
drawn by the equation, S=e(-alpha XD
-beta XD?), where S and D means degree of
radiation damage relative to control and
absorbed dose,respectively,and alphe and
beta are a constant to be calculated by
experimental data.® As seen in Fig.1 and
Fig.?2, the dose-response curves of
gamma-rays and the ion beams (He®’) on
both the traits were sigmoidal or somewhat
sigmoidal, whereas those of thermal
neutrons were rather exponential. The M:
damage per unit of dose caused by thermal
neutrons appeared to be larger than that
by the ion beams(He?*). RBE (relative
biological effectiveness) values of the
ion beams and thermal neutrons relative
to gamma-rays were calculated by the
formula, Dso of gamma-rays /Dso of
relevant radiation, where Dso means a dose
which reduces the average values of pollen
and seed fertility to 50% of control. The
RBE values of the ion beams (He®*) on

pollen and seed fertility were 2.5 and 2.6,
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Oy RBE=1.0

Fig.?2 Dose-response of gamma-rays, icn beams{He?*) and

thermal neutrons on seed fertility in M. plants.

. 2z + =
IOD—q qu RBE=2.9%
* % : n RBE=31.8
X
'—.' 4
(=]
%]
St
|+
S 50
g
[w]
2
aQ
0 100 200 300 400 500
Dose {Gy)
Fig.1l Duse-response of gamma-rays,ion beams (He?*) and
thermal neutron on pollen fertility in M, plants.
5 O: 7 RBE=1.0
100 S @ o N
. . o) o @: He RBE=2.6
o x : n RBE=24.8§
Lo |
o
5 .
4. 50
O
3%
o]
12. 86 310. 2
189. 1
/l
0 | | [ L r
0 100 200 300 400 500
Dose (Gy)



JAERI-Review 94-005

Table 1. RBE of ion beams(He?*) and thermal neutrons relative
to gamma-rays on some traits.
Mutagen He?* Thermal | Gamma
neutron | -ray
Root length 2.9 18.6 1.0
Seeding height 3.5 15.1 1.0
Pollen fertility| 2.5 31.8 1.0
Seed fertility 2.6 24.6 1.0
respectively. It is noted that these this result that biologicalactions of

RBE values of the ion beams were low
comparing with those of thermal neutrons,
supporting the previously reported data on
RBE values for root length and seedling
height.*’

used on pollen and seed fertility were

RBE values of the mutagens

listed in Table 1,along with those on root
length and seedling height which were
previously reported. As seen in Table 1,

REE values of ion beams (HeZ*)

were
similar on all the traits concerning
vegetative growth(root length,seedling
height) and reproduction{pollen and seed
fertility) of M, plants,whereas those on
the traits concerning reproduction, in
case of thermal neutrons were signficantly
higher than those on the traits concerning

vegetative growth. It is assumed from

ion beams (He?*) might be different from
those of thermal neutrons, suggesting a
possibility to induce some specific
mutations useful to plant breeding with
ion beams. Further experiments in
detail on the biological effects of ion

beams are in progress.
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N.tabacum L., using

4H32 +

Interspecific Hybridization between Nicotiana gossef Domin and
-irradiated Pollen

M.Inoue,H.Watanabez,A.Tanaka2 and A.Nakamura®

Department of Agriculture, Kyoto Prefectural University,

Takasaki Establishment, JAERIZ,

University of Osaka Prefecture

In order to introduce a desirable
gene(s) from wild plants to cultivar, many
works have been carried out, particularly in
relation to disease- and insect-resistance.
However, it is very difficult or almost
impossible to get a viable hybrid plant(s)
between distantly related species, because of
cross incompatibility and/or hybrid inviability.
It has been demonstrated that pollen
irradiation with ionizing radiations is effective
for overcoming these barriers in sexual
reproduction, and that some of viable hybrid

plants have been produccdl)”4).
We have been investigating on the
efficient procedure for producing interspecific

hybrid in Nicotiana™»¥. In the present
experiment, two viable hybrid plants between
N.gossei and N.tabacum were obtained from

the in situ cross with *He? *-irradiated pollen.
It is known that in this species-combination
hybrid seedlings from the cross with non-
irradiated pollen are lethal in the early stage of
growth.

Mature pollen of N.tabacum cv Bright
Yellow 4, was collected immediately after
anthesis, and kept in a desicator for one day.
The collected pollen was held between kapton
films(8.5¢m thickness, Toray-Dupon
Co.Ltd.) on the one layer, and irradiated with
“He?* of 800Gy from 3MV Tandem
Electrostatic Accelerator(6MeV) and AVF
Cyclotron (50MeV). The flowers of N.gossei
were emasculated before anthesis, and
pollinated with the irradiated pollen. Then,
each flower was sealed, and cultivated at the
temperature of about 30°C in a glass house.

Department of Agriculture,
3

After 3~4 weeks, capsules were harvested,
and F1 seed fertility was measured. F1 seeds
with the non-irradiated pollen were obtained
by means of identical procedures to those in
the irradiated pollen. :

In F1 generation, seed germination
and seedling cultivation were permitted in the
growth chamber controlled at 25C.
Thereafter, survival plants were transplanted
and cultivated in the glass house with the
temperature of about 30°C. Chromosome
pairing in pollen mother cell(PMC) was
analyzed by aceto-carmine staining and
squash method.

Table 1 shows the results on F1 seed
formation and hybrid viability. In the crosses

Table 1 Effect of‘H"-irradiation to pollen on the
production of viable F plants

lrradiation Frequency Germination Survival Yield of

of fartile rata of rateci Fy flowaring
capsules Fy seads plants Fy plans
(%) (%) (%)
er 66.7 76.7 0 0
-3
H 800Gy 2.3 92.5 54 1.1x10

with *He?*-irradiated pollen, only 2.3% of
crosses produced capsules with fertile seeds.
Most(92.5%) of F1 seeds developed to
germinate, and, finally, two(5.4%) of the
resulting seedlings grew up to flowering.
Accordingly, the vield of viable hybrid plants
was 1.1x1072. On the other hand, in the
crosses with non-irradiated pollen, many ¥1
seeds were obtained, and they germinated at
the rate of 76.7%. However, no seedling
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could survive over the period of about cne
month after germination.

The characters in interspecific hybrids
were different from those in parents(Fig.1,
Table 2). Particularly, some characters, ¢.g.

flower petal twist and leaf shape, were

different between hybrid plants.

N.tabacum

N.gossel R
Fig.1 Flower of N.gossei, N.tabacum and F1 piant

Table 2 Characterisiics of N.gossel, N.tabacum

and F1 plant
R
Character IV.gossei Plant-1 Plant-2 N.tabacum
Flower type
color white palepink palepink pink
shape star star star star
petal tip smooth sharp sharp sharp
petal twist . - + ++
calyx twist
trichome T+ I -
Leaf type
shape spatula long «llipse ellipse ellipse
tip smooth sharp sharp sharp
margin plait + - +
petiole - + + e+

++,+ and - indicate the degree in each character.

The results on chromosome pairing in
PMC of hybrid plants were shown in Table 3.
N.tabacum has 48 chromosomes(2n) and TS
genome. N. gossei has 36 chromosomes(2n)
and its genome has not been identified. From
the another resuits on crossability and hybrid
inviability, it is clear that these two species are
distantly related. As shown in Table 3,
frequency of PMC with only 42 univalent
chromosomes(42 1), PMC with 40 univalents

and 1 bivalent(40I1+11), PMC with 38
univalents and 2 bivalents(381 +211) and
PMC with 36 univalents and 3 bivalents(36 I
+31), were 24.2, 23.0, 18.7 and 13.0%,
separately. About half of PMCs had bivalent
of 1 to 3, suggesting that 4He?*-irradiation
can induce chromosome damage.

It was also observed that hybrid plants
had no fertile pollen and no seed by selfing
and back crosses with parents.

Table 3 Frequency of partial chromosome pairings
in pollen mother cells of

Fi plants
Chromesome composition Relative frequency
azi™ 242 +138
apl +1I0I* 230k 98
sl +20 187 + 68
sl +30 13.0% 74
M1 +4 79 % &2
2l +50 51% 43
301 +61 25% 20
28] +710 22k 29
261 +81 184 15
241 +9ll 04t 08
2zl +1000 07t 13
>l i1k 17

« , univalent chromesome.
== bivalent chromosome.
st | puean value 30
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Studies on the Cold Tolerance of Malvaceae Plants

Alejandro Vazquez Tello, Makoto Hidaka, Takeshi Uozumi,
Yasuhiko Kobayashi? and Hiroshi Watanabe?

Department of Biotechnology, The University of Tokyo
Biotech. Lab. , Takasaki Institute, JAERI?

Introduction

Hibiscus rosa-sinensis is a tropical
plant which bears large and beautiful
flowers of a brilliant color, but it can not
endure winter in Japan, where the
minimum temperature becomes lower
than 5°C. In the same Malvaceae family,
Lavatera thuringiaca is cold tolerant and
survives the minimum temperature of at
least -3°C. We have been trying to give
cold tolerance to the tropical Hibiscus by
cell fusion with L. thunngiaca (1). In
case of ordinary cell fusion, all the
chromosomes of both plants will be
maintained in the fusant cells, and the
hybrid will inherit some undesirable traits,
such as small flower and dull
appearance of the leaves intrinsic to
Lavatera. Irradiation by ionizing
radiation of the plant cells before or after
cell fusion may result in partial loss of
chromosomes that have undesirable
genes, and may be useful to get a
fusant that has a combination of
desirable characters of both parents.

One important approach in plant
breeding consists in the asymmetric
fusion of protoplasts, one of which is
exposed to irradiation in order to
inactivate the nucleus, aiming to obtain
cybrid cells combining one nucleus with
a different cytoplasm. Such approach
has been useful for localization of the
cytoplasmic male sterile factor in plants,
and its transmission to other species by
asymmetric protoplast fusion. Another
important application of irradiation
consists of the generation of somatic

mutations, either for getting mutant .

plants with commercialiy interesting

phenotypes, or aiming the identification
of a specific gene and its role in the
plant cell.

Conventionally, gamma rays have
mostly been used in such applications,
but they present a major inconvenience,
namely that relatively high doses of
irradiation must be used to increase the
probability of hitting a specific gene
target, and consequently it is also likely
that other genes in the genome are
affected as well, causing extensive
damage to the DNA. In addition, other
undesirable effects may occur, such as
general cell damage and low ceil
survival rates. On the other hand, little
research has been done with ion beam
irradiation on plant cells. One
advantage of the ion beam irradiation
over the conventional one is that the
former possesses a much higher linear
energy transfer (LET) to the target than
the latter; in other words, the amount of
total irradiation required may be
considerably lower than that used with
the conventional irradiation, to obtain
the change or loss of a specific
chromosome. It is therefore important
to determine the effects of different
doses of ion beam irradiation on plant
tissues and its potential use for plant
breeding. In this research, we have
investigated the effects of the ion beam
irradiation of 220 MeV '3C**  on
protoplasts, cell suspensions and
calluses of L. thuringiaca.

Results
The results of several doses of
irradiation on the embryonic potential of
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a celt suspension were determined, to
establish up to which dose the cells can
be exposed safely without compromising
the plant regeneration capability. In
case of the L. thuringiaca cell
suspension, the embryogenic potential
decreased concomitantly with increasing
iradiation doses. Exposure to doses of
5.0 Gy or higher caused a severe
inhibition in the embryogenic potential of
the cells. At 20 Gy, the embryogenesis
rate dropped to only 5.5% of the non
exposed control (100%).

The effect of several doses cf
irradiation on the percentage of cell
survival and cell division of isolated
protoplasts was also determined. The
percentage of protoplast survival did not
change markedly even at 20 Gy. The
highest irradiation dose tested on the
protoplasts (50 Gy) caused a decrease
of cell survival to approximately 55% of
non-exposed control (100%). This
result suggests that the ion beam ?C*®
may cause less cell damage than the
conventional irradiation. The effect of
irradiation on protoplast division was
more evident. The percent cell division
decreased in parallel to the increase in
irradiation dose; the dose needed to
inhibit cell division 50% was determined
to be 5.0 Gy.

Finally, the extent of callus growth
exposed to different doses of irradiation
was measured after
treatment, and the results were
expressed as % of cell growth as
compared to the untreated control
(100 %). We observed a gradual
decline in cell growth with increasing
doses of irradiation. The decline was

approximately linear from 0 to 1.0 Gy.

However, higher irradiation doses
caused a sharp growth inhibition of
callus. The dose caiculated to cause a
50 % growth inhibition in the exposed
callus was 2.5 Gy.

13 days post

Discussions

We have achieved protoplast fusion of
H. rosa-sinensis and L. thuringiaca (1).
The somatic hybrid cells formed calluses
and some of them showed an
intermediate cold tolerance between the
parents. However, regeneration of
hybrid plant was not successful, so far.
As the original Lavafera suspension
culture is embryonic and can be
regenerated to the plant, some of the
chromosomes from Hibiscus seems to
inhibit the regeneration of the hybrid
plant.

In this research, we have elucidated
the effect of '2C*> beam irradiation on
the survivali and cell division of the
calluses, suspension cultured celis and
protoplasts of L. thuringiaca, and found
appropriate doses for each material.
Next step will be irradiation of the
somatic hybrid cells between Hibiscus
and Lavatera, to make selected loss of
some chromosomes in order to achieve
regeneration of hybrid plants. Irradiation
of protoplasts of one plant before fusion
with non-irradiated  protoplasts  of
another plant will be an alternative
approach to get hybrid plants with partiai
loss of chromosomes originating from
only one of the parents.
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Electron Microscopic Analysis of Defnococcous radiodurans
irradiated by Heavy Ions

S.Inaba; K.Osawa, Y.Koizumi, T.Octa,
H.Watanabex, A.Tanaka*, Y.Kobayashix and M.Kikuchi*
Radioisotope Center, Tokyo Univ. of Agriculture, and

*Biotechnology Lab.,

Deinococcous radiodurans R1  was
isolated as an extraordinaly radiation-
resistant bacterium. The radiation resis-
tance of this bacterium has been attri-
buted . to its exceptional repair capabil-
ities, though Iittle was revealed aboui
repair enzymes. From these studies, it
was shown that the survival curve of Rl
strain was sigmoidal.

It is thought that high LET radiations
takes place heavy damages in not only DNA
but also cell structure which gives an
environment desirable for DNA repair.
However, little has been studied the
change of cell structure afier icn beam
irradiation. Therefore, we have examined
the effect of Ar, He and C ion beams on
the dry and wet cells of D. radiodurans
R1 strain. The change in cell structure
after direct or indirect action of ion
beams were observed using {ransmission
electron microscope (TEM).

{1} Radiosensitivity

The cells of D. radiodurans Rl were
irradiated with Ar'?**, C°®* and He?* ions
under both dry and wet conditions. The
LETs of Ar'®*, C** and He®* were 1800,
120 and 14 keV/ u m, respectively. Figure 1
shows the survival curves. The highest
sensitivity was found in the wet cells
irradiated with He?* ions. The radio-
sensitivities of wet and dry cells were
increased in the order of decreasing ion
mass and LET. On the other hand, all wet
cells were more sensitive to ions than
dry cells, indi- cating a contribution of
indirect action of water. The degree of
indirect action was the highest in Ar'®?
ions and the lowest in C®” ions.

{2) TEM observation

Changes in the celi structure were ob-
served with the TEM picture of thin section
and DNA prepared by Miller technique from
irradiated dry and wet cells.

Cell envelope

Slime layer: Electron density was more

dense in wet cells than in dry cells,

JAERI/Takasaki.

Significant damages were observed In wet
cells {Phot.l ~ 4).

Cell wall: Significant damages of mor-
phological structure were cobserved in the
wet cells. In particular, the large defor-
matiohs of walls were caused by all ion
beams used, especially by He** ion beams
at 10.0 kGy.

Cytoplasmic granules

Cytoplasmic granules were alsc de-
stroyed by He®* ion irradiation, conse-
quently the size of granules became about
half. The effect of irradiation on the
decrease of size was more significant in
wet cell than in dry cells. On the other
hand, the effect: of irradiation on
decrease of size was more significant in
C5* ions than He?* ions.
Significant destructions of
granules were not observed after Ar
irra diation on both wet and dry -cells.
Cell nucleus

As shown in Phot.l ~ 4 when the thin
sections prepared from irradiated cells.
No significant differences of morphological
structures were observed between the un-
irradiated cells and dry cells irradiated
with 5.4 kGy of Ar'®* ion beams, while the
partially broken cell nucleus was observed
in the wet cells irradiated with 5.4 kGy of
Ar'®** igns. Compared with cell survival,
these decomposition of nucleus would be
recovered during the incubation of post-
irradiation. On the other hand, irradiation
of dru cells with 10 kGy of He®* ions did
not cause any significant changes in the
nucleus as shown in Phot.3. However, when
the wet cells were irradiated with the same
doge, the broken nucleus was observed as
shown in Phot.4.

DNA by Miller technique

Specimens prepared by Miller spreading
technique were rotary shadowed with Pt,
followed by shadowing with carbon at an
angle of 30°. Phot.5 and -6 show the
chromoscomal DNA was observed in the wet
cells from unirradiated and with 10.0kGy

cytoplasmic

13+
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of C3* ions. Once in a while the partial-
ly and finely broken chromosomal DNA was
observed in the wel cells irradiated with
10 kGy C®* and He?** ions.

Research .

These results indicates that partially
broken nucleus could be recovered, but
heavily broken nucleus could not, and
further indicate that the increased sensi-
tivities and decomposition of cell nucleus
(chromosomal DNA) under the wet condition
would be due to indirect action of water
radicals. 001 4 s 10 15 2

' Dose(kGy)
Fig.1 Survival curves of D. radiodurans Rl cells irradiated
with Ar, He and C ions under both dry and wet conditions.

0.4

Surviving fraction

-

B
- &

Phot.1 Dry cells irradiated with 5.4 i::Gy of Phot.2 : with 5.4 kGy of
Ar ions. Ar ions.

Phot.3 Dry cells irradiated with 10.0 kGy Phot.4 Wet cells irradiated with 10.0 kGy
of He ions. of He ions.
g

o

Phot.5 Chrmsoml DNA in unirradiated Phot.b Chromosomal DNA in irradiated cell
cell. with 10.0 kGy of C ions.
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Recovery of Transforming Activity in Lyophilized Cells of

Deinococcus radiodurans [rradiated with Various High-LET Lons

N. Mizuma, T. Kikuchi,

H. Watanabe?, Y. Xobayashi?, A. Tanaka®, M. Kikuchi?
Res.Reactor Inst.,Kyoto Univ., JAERT,Takasaki,Biotech.Lab.?

Deinococcus radiodurans 1S eX-
tremely resistant to the lethal
effects of 1ionizing radiation and

many other agents that damage DNA.
Although the repair of DNA damage
in D. radiodurans is known to be
extraordinary efficient,the molecu-
lar mechanisms for repair of radi-
ation-induced DNA damage have not
been well characterized. It has been
demonstrated that D.radiodurans was
able to repair double-strand breaks
in the DNA'’. It was proposed that
the exceptional radiation resistance
of D.radiodurans must be due to the
high efficiency of its recombination
repair systems, but the its detailed
mechanisms rewmain largely obscure.
Recombination ability can be assayed
by measuring the level of transfor-
mation.

This paper described mainly the
results of the recovery rate of
transforming activity (TA) 1in the
lyophilized «cells irradiated with
sublethal dose {2~3 kGy, Fig.!} of
various kinds of high-LET ion beanms
{Table}. The recovery rate of TA is
analyzed by shert time treatment
with protein synthesis inhibitors
{chloramphenicol;CM,tetracycline;TC}
at the various times during the
postincubation as shown 1in Fig.Z.
Cells harvested on a millipore mem-
brane filter were frozen and lyophi-
lized in a freeze-drying apparatus
(~0.03 TOR). Except®He?~ (6 MeV)ions,
irradiation with ions using AVF cy-
clotron (JAERI,Takasaki establish-
ment) were performed at a room tem-
perature under helium-gas flow to
suppress the radiation activation of
sample in an automatic-sample-ex-
changing apparatus (IAS) with remote-
control system. Using He?' (6MeV) 1ion

beems accelerated by 3 MeV tandem

electrostatic accelerator, lyophi-
lized cells were also irradiated
through a KXapten film of 8.5 pm

thickness 1n a Irradiation Apparatus
for Cells {IAC). The TA was assayed
by the same procedures using rifam-
picin resistant marker as previously
described 2237,

As shown in Fig.l, the length of
shoulder on the survival curve
decreased and the final slope was
somewhat steeper as LET increased.
These results indicate that higher
LET ions give wmore lethal effects.
The results im Fig.Z2 show that de
novo protein synthesis seems to be
required for the recovery of TA and
the inhibitor suppresses specifical-
ly the recovery at early time of
postincubation. TA of the recipient
cells irradiated with ion beams was
recovered during the postincu-bation
under the growth condition. In the
previous works,the recovery rate of
TA in the «cells irradiated with
high-LET boron neutron captured beam
{BNCB) decreased more than that in
the cells irradiated with f-rays.
The recovery times for TA of cells
irradiated with different LET radi-
ations were shown in Fig.3. The re-
covery tiimes for TA of the cells
irradiated with 14 to 200 keV/pm LET
ions were mnot so different, but
about 90 minutes. The recovery time
for LET over 200 keV/pm increased
gradually with LET.

1YKitayama S. et al,POSSIBILITY OF
THE REPAIR OF DOUBLE-STRAND SCIS5-
SIONS 1IN Micrococcus radiodurans
DNA CAUSED BY GAMMA-RAYS, Biochem.
Biophys. Res. Commun., 33, 418-422
{1968)
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Table.Ion beams used for irradiation T
Beam Energy LET Facility
(BeV) (keV/um}
‘He? " 50 14 Cycleotron
‘He?" 20 42 Cyclotron s
‘He?* 6 112 Tandem :E
rzgs 220 121 Cyclotron| &
I Ne’" 260 430 Cyclotron o 1
AP CIER 460 1800 Cyclotron g
=
T~ray 0.3 E°Co 3
BNCB” o 200 Reactor
Gri 300 ‘

"B (new,a)’Li

FORMING CAPACITY OF CELLS 1IRR-
ADIATED WITH HIGH-LET IONS IN A
RADIATION RESISTANT BACTERIUM,
Deinococcus radiodurans , TIARA
Annual Report,Vel.2, 42-45(1992)
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S —f/////o g, Fig.1 Ton beam survival curves for
2 » ) lyophilized cells of D.radiodurans
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{ 1 ] ) 1 1 i LET ( keV/pr )
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Postincubation time (xin) Fig.3.Relationship between the recovery

Fig.2.Recovery rate of transforming
activity estimated by short period
treatment with protein synthesis
inhibitors during postincubation.

as

times of transforming activity and LET
values of ion beams. Numbers in paren-
theses indicate energy{MeV) of the 1on
beams. Closed and open symbols denote
the recovery times of cells irradiated

cell suspension or after the lyophi-

lization,respectively.
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Method of Mutation Spectrum Analysis on DNA Irradiated

with lon Beams Using Shuttle Vector Plasmid pZ189

K. Harada, T. Nakano,

H. Watanabe?, Y. Kobayashi®, A. Tanaka® and M. Kikuchi?

Div. of Mol. Life Sci., PL Botanical Inst. PL Gakuen Women's Jr. College,

JAERI, Takasaki, Biotech. Lab.?

We have been studying the subject of “the
mechanisms of the DNA injury by ion beams
and its repair on radioresistant bacteria (II)”
in “the Advanced Radiation Technology
Project by Ion Beam in JAERI”, and we have
already reported the results?, In this report
we improved the assay method of the mutation
in DNA base sequence to research the effect
of BNC (Boron Neutron Captured) beams (a-
particles) and ion beams (*C*) on plasmid
DNA.

A shuttle vector plasmid pZ189 was used
as a plasmid DNA. The pZ189 DNA contains
the pBR327 replication origin, B-lactamase
gene, bacterial suppressor tRNA (supF) gene
which serves as a mutagenesis target, and the
SV40 early region (Fig. 1). Then, this plasmid
DNA can be used in studying the mechanisms
in eucaryotic and procaryotic mutation
induction.

The plasmid pZ189 DNA was dissolved in
Tris-EDTA buffer containing 03 M °B-
enriched boric acid (H,"BO,) at a
concentration of 0.5 pug/ul.  After then, the
DNA was irradiated with BNC beams by B
(n, «)’Li nuclear reaction of thermal neutron
(3 x 10° n/cm?/sec) in the heavy water (D,0)
facility of KUR operated at 5 MW. The dose
rate was about 3.2 kGy/hr. On the other
hand, the dried plasmid pZ189 DNA on the
paper disk was irradiated with carbon ions
(*C™*;, 220 MeV, LET = 121 keV/um)
generated from AVF cyclotron in TIARA,
JAERI Takasaki.

The irradiated plasmid pZ189 DNA was
transformed in Escherichia coli wild type strain
KY40 and DNA repair deficient mutant strain
KY46 (uvrA’) according to calcium chloride
procedure. The SOS function of these strains
was beforehand induced by UV-C irradiation.

Thetwo E. coli strains containing the irradiated
plasmid pZ189 DNA were incubated during
overnight for fixation of mutation.

The relative number of bacterial colonies
was observed after 15 hrs incubation at 37°C
on LB agar plates containing ampicillin as the
surviving fraction after irradiation. As for
o-particle exposure, the dose-effect curves of
plasmid pZ189 DNA included in KY40 and
KY46 were almost the same, and each D,
value was about 5 kGy. The mutation
frequencies of pZ189 at D, dose in KY40
and KY46 were about 3 x 10° and 6 x 1073,
respectively”, Though the dose-effect curves
of the plasmid irradiated with carbon ions were
almost same between KY40 and KY46 strains,
the dose-effect curves indicated the shoulder
and each D, value was above 15 kGy (Fig.
2).  The difference of D value between
plasmids irradiated with a-particles and carbon
ions may be due to the cell condition, that is,
wet cell or dried cell.

As shown in Fig. 1, the pZ189 DNA
isolated from these E. coli strains was
transfected into E. coli MBM7070/pKY241
cells. A plasmid pKY241 carries the gyrd
gene of E. coli with amber mutation and
chloramphenicol resistant marker. The
transformants carrying mutation on supF gene
in plasmid were selected as a nalidixic acid
resistant and white colonies on LB agar plates
with X-gal and IPTG >,

From these results, we could obtain the
pZ189 supF mutants efficiently, and started
the next step analysis, that is, DNA base
sequence analysis. From the data obtained
up to the present, we found that 91.9 % of the
plasmid mutation was base substitutions. Also,
one-base deletions of 5.4 % and deletions of
2.7 % were detected (TABLE 1). Among
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5504 bp nalidixic acid-resistant nalidixic acid -sensitive

Fig. 1 Scheme of Shuttle Vector Plasmid
pZ189 and Mutation Assay Method on
pZ189 DNA.

Fig. 2  Surviving Fractions of pZ188
Irradiated with 'C>* lons,

Surviving fractions were obtained from the
relative number of bacterial colonies of
E. coli KY40 (wild type; open symbal) or
E. cofi KY46 (uvrA; closed symbol)
transformedby ion beam-irradiated pZ189
DNA,

TABLE 1

10

'
—_—

SURVIVING FRACTIONS (C.F.U.)

10°

activa
pZ189

<ar.:t:'ve : nalidixic atid-sensitive
grrA inactive; nalidixic acid-resistant

3 O KY40 (Wild Type) 8 |
- ® KY46 (yvrA™) 4
! | | 1
0 5 10 15 20

DOSE (kGy)

DISTRIBUTION OF & -PARTICLES INDUCED SupF MUTANTS BY CLASS

Type of Mutation Numbe r % of Total
Observed Mutations
Base Substitution 68 81.89
1 base 65 87.8
2 base 3 4.1
One-Base Deletion 4 5.4
Deletion 2 2.7
Total T4 100
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these base substitutions, transversions
predominated and no A:T to G:C transitions
were detected (data not shown).
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2 . ] 2 TRANSPORT IN A PLANT OF POSITRON-EMITTING TRACER
PRODUCED WITH AVF CYCLOTRON

T.Fujimura’ K.Adachil

H.Omichi', H.Uchida? T.Omura;

T.Yamashita? H.Matsuoka! N.Shigeta® A.Osa}l T.Sekine!
M.Fukawa? H.Kobashit K.Omasa® H.Yamaguchié¢

'Department of Materials Development, JAERI, ? Hamama-
tsu Photonics,3Dept.of Radioisotopes, JAERI, *Faculty
Engineering,Gunma University, *The National Institute

for Environmental Studies,

¢éDept. of Radiology,

Komazawa Junior College

Positron-emitting tracers
and positron emission tomog-
raphy have been used for
diagnosis in the medical
field. In the plant science
field, small number of studies
have been performed with
positron-emitting tracers'’’'The
transport of a positron-emit-
ting tracer in a plant can be
monitored by detecting a pair
of gamma-rays produced follow-
ing annihilation of the posi-
tron. From the end of 1993,
we have started to study for
the transportation of posi-
tron-emitting tracers produced
with high energy cyclotron in
plants.

The aqueous solution of
the positron-emitting'F tracer
was directly produced with the
reaction of"%0(d,pn)'¥F by bom-
barding ultrapurified water
with L4A of 50MeV o -particles

from a high energy cyclotron.
The beams were emerged from
vacuum through a Ti window

into water. The planar posi-
tron camera has two detectors
made from 23x27 scintillator
array, composed of
(BGO) crystals, the =size of
which is 2mmx2mmx20mm, coupled
to a position sensitive photo-
multiplier tube {(Hamamatsu
R3941-2). The kidney bean
plants (Phaseolus vulgaris L.)
were cultivated with hydropon-
ics.

At the time of experiment

Biq,GGs 0|2

with positron camera, the kid-
ney bean plant was illuminated
with two incandescent lamps
with attached filters to re-
move heat. The luminous inten-

sity was 200 4mol photon m™s
at the leaves. The root of
this plant was immersed in

distilled water containing 70
MBg of ¥F at the beginning.
The two detectors of po-
gsitron camera were positioned
vertically i2 cm apart with
the plant positioned in the
mid-plane. After feeding the
tracer to the root, the planar
image was recorded for a leaf
of the plant. Some image of a
low concentration of the trac-

er spread on a leaf was ob-
sarved.
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BLOOD CELLS

EFFECT OF ION BEAM IRRADIATION ON RABBIT RED

K.Adachi’, T.FujimuraL'H.Watanabeﬂ H.Omichiﬁ
M.Fukawa? H.Kobashi? M,Tamura’

'JAERI Takasaki,

?Faculty of Engineering,

Gunma University, ‘Hokkaido University

I.INTRODUCTION

Some studies of the gamma-
ray irradiation effect on
purely isolated hemoglcbin so-
lution established that met-
hemoglobin(Fe3*)is formed from
hemoglobin (Fe?') by radiation
oxidation!? There have been
little data of spectrophoto-
metric study of irradiation
effect on red blood cells con-
taining hemoglobin. Recently,
we have found that methemoglo-
bin is also formed from hemo-
globin in gamma-irradiated red
blood cells in suspension. We
have reported optical absorp-
tion spectra of red blood
cells irradiated
beams? During ion-beam irra-
diation, we could cbserve
reactions induced by irradia-
tion inside organisms, by op-
tical detection technique.
For a step of the studies
along this 1line, we will
report here the irradiation
effect on red blood cells
irradiated with 4He?! beams.

II _MATERIALS AND METHODS

Red biood cells were
separated from fresh blood
taken from rabbits in the
mornig of the experimental
day. Phosphate buffer{pH 7.3)
containing 1% heparin was
added to the fresh blood and
centrifuged at 2500 r.p.m. for

Smin. This treatment was
successively cycled three
times. Thus obtained con-

densed red blood cell suspen-
sion was ccated on pure guartz
glass plate. The sample was
irradiated in air by 4He!' ion-

beams from AVF cyclotron. The
ion-beams were ejected from
beam line to atmosphere
through thin Ti foil. After
the irradiation, the buffer
was added to the sample and
the irradiated red blood cells
were washed out and poured
into an optical cell. The
optical measurements of the
samples thus obtained were
performed.

The Yunisoku USP 410
spectrophotmeter was used for
photometrical study. Light
gsource was a 100-W halogen
lamp. Light shorter than 500
nm from source was eliminated

with 4ArBtwith a cut-off filter, then

monochromated with a diffrac-
tion grating, and the mono-
chromatic light was introduced
to the sample for the measure-
ment. The transmitted light
was detected with a photomul-
tiplier by the photon counting
method.

III.RESULTS AND DISCUSSION

The spectra of rabbit red
blood cells dissolved in the
buffer after irradiation with
‘He2' jons are shown in Fig.1l.
The energy of the ion beams
was 20MeV and the current was
10nA. These spectra are the
difference between the irradi-
ated one and nonirradiated
one. The increase of the
absorption band around 630 nm
can be seen clearly. This
absorption band is attributa-
ble to methemoglobin {(Fe3t ).
The decrease of the absorption
band around 576 nm can alsoc be
seen clearly. This absorption
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band is due to oxyhemoglobin
(Fe2t) in red blood cells.
These observation show that
methemoglobin is formed from
oxvhemoglobin in red blood
cells by radiation oxidation
induced by the irradiation
with 4He?! beams.

Fig.2 shows the irradia-
tion time dependence of the
peak height ratio for methe-
moglobin{630 nm) and oxyhemo-
globin(576 nm). This ratio
maintained an almost constant
value for the change of wvar-
ious beam currents and irradi-
ation times. The result
indicates that similar reac-
tions took place in the all
present experimental range.

The numbers of molecules
of methemoglobin and oxyhemo-
globin can be obtained from
the peak heights of the bands
using molecular extinction co-
efficient of methemoglobin and
oxvhemoglobin. Recently, we
have made clear that in the
red blood cells in suspension
irradiated with low dose rate
gamma-rays, one molecule of
methemoglobin was produced
from one molecule of oxyhemo-
globin. Only one reaction
took place in this case. In
the present study, for the red
blood cells irradiated with

4He? ion beams, the number of
molecules produced from one
molecule of oxvhemoglobin was
less than one. This result
indicates that the other re-
actions occur at- the same
time.

ACKNOWLEDGEMENT

The authors wish to ex-
press their thanks to Dr. A.
Tanaka and Mr. T.Shimizu of
JAERI for their technical as-
sistance in handling of iom
irradiation chamber.

References
1)Z.5zweda-Lewandowska,

M.puchala, and P.A.Osumuiski,

Radiat.Environ.Biophys.
28(1989)39.

2)T.Fujimura, N.Ishihara, H.
Watanabe, H.Omichi, H.Kobashi

M. Tamura JAERI-M 93-241
(JAERI TIARA Annuatl Report
vol.2 ){1992)p57. '
1 .\ T T T 0 T T
0.5F \ l 1
t,
Vi
a |
© B
< Or 7]
~0S———g— 760 800
WAVE LENGTH (nm)

Fig.1 Optical absorpticn

spectrum of rabbit red blood
cells dissolved in the phos-
phate buffer after irradiation
with 20 Mev, 10 nA %He?" ion
beam. Irradiation time; upper
spectrum 1 min., lower spec-
trum 2 min. These spectra
are the difference between the
irradiated one and nonirradi-
ated one.

‘I T i i T T H T
© I; T T
t~ - 0. 01 nA )

O G. n
© r L J 0.; n: 7
Q . 10 nA
o L -
4 L i
N
OU‘.S‘ N
m L .
(o]
8 L -
a7 v/,__i——— ]
| - oA .
I 1 i 1 1 i ! £ 1
0 2.5 3

IRRADIATION TIME (min)
Fig.2  “He' ion beam irradia-
tion time dependence o©f the
peak height ratio for methemo-
globin (AODg3p) and oxyhemoglo-
bin{ ODs%). The energy of ion
beams was 20 MeV.



3.1

3.2

3.3

3.4

3.6

JAERI-Review 94-005

3. Radiation Chemistry

The Relationship between Chemical Structural Change and

Energy Profite for Polymers Irradiated by lon-beams

Y, Hama, K.Hamanaka, H.Matsumcto, T.Seguchi, T.JSasuga and H. Kudoh --

lon Beam Irradiation Effects on Hole Drift Mobility of Polysilanes

S.Seki, S.Tagawa, Y.Yoshida, H. Kudeh, T.Sasuga, T.Seguchi,

H. Shibata and K' Ishjgure ..............................................................

Radiation Effects of Ion Beams of TCNB in PVA Films

H.Hiratsuka, R Tomita, Y.Matsumoto, M. Taguchi, H.Namba and Y. Aokl
LET Effect on Radical Formation in fon-irradiated Alanine

0. Koizumi, T.Ichikawa, H.Yoshida, H.Nambaz, M Taguchi and T.Kojima

Microdosimetry with Heavy lons (1)

H. Namba, M. Taguchi, K. Furukawa, Y.Acki and S.0hno -eererremrmeeemereeeee

Characteristics of Various Film Dosimeters for lTon Beams (II)

T.Kojima, . Takizawa, H.Tachibana and H. Sunaga ---reeermemeemeremeseee



JAERI- Review 94-005

3.1 The Relationship between Chemical
Structural Change and Energy Profile for
Polymers Irradiated by Ion-beams.

Y .Hama, K.Hamanaka, H.Matsumoto,
T.Sequchi?, T.Sasuga?, H.Kudoh?
Advanced Res. Cent. for Sci. & Engn., Waseda Univ.,
JAERI, Takasaki?
Introduction. irradiated in vacuum by 10MeV,
Ion-beam has larger stopping 20Mev H', 20Mev He?* or 175Mev
power compared with y-ray or 49ar8+ with AVF cyclotron in
electron-beams. Different JAERI Takasaki (TIARA). The
irradiation effects from that absorbed dose at the surface of

by low stopping power beams has

been expected. The enerqgy
deposition profile of the ion
beam in a material should be
represented by the Bragg curve
along the +track. If the ion
beam stops in the material, the
energy deposition of the ion
beam comes +to be different
along the track. Therefore, if
the stopping power effect (LET

effect) is remarkable for
polyners, the different
chemical structural change
along the +track should be
expected. This would be
important for the degradation
of polymers by ion-beamn

irradiation.

This work 1is concerning the
depth profile of the change of
the chemical structure induced
in the slab of some polyolefins
by heavy ion-beam irradiation.

Experimental.

Samples: In this work, low
density polyethylene  (LDPE},
high density Polyethylene
(HDPE) and polypropylene (PP),
which were formed in a slab of
2 mm thick, were used.

Irradiation: Each sample was

the sample estimated by the
beam current.

Micro-FT-IR measurement: The
sample irradiated was sliced

along the cross-section to the
slab surface and a thin film of
some hundreds of um could be
obtained, The depth profile of the
chemical structural change
induced by irradiation was
measured by using Micro-FT-IR
spectrometer.

Results and discussion.
Structural change by ion-beam
irradiation.
When LDPE or HDPE was
irradiated in wvacuum and then
measurement was carried out in

air, predominant chemical
species induced were trans-
double bond (~964cm™1y,
carbonyl group (~1720cm~!) and
hydroxyl group (~3200cm™!).
The depth profiles of these
species are similar to Bragg

curve as shown in Figs.l and 2.
The fact that +the carbonyl
group could be observed and the
profile was similar to Bragg
curve, nevertheless irradiation
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was carried out in vacuum,
indicates that the formation of
carbonyl groups comes from the
reaction of allyl radicals with
oxXygen molecule which is
cccurred after the irradiated
sample is exposure to air after
irradiation. Moreover, the
yield of carbonyl group for
HDPE was higher than that for
LDPE. This indicates that the
allyl radical in HDPE is more
stable than that in LDPE in
vacuum at room temperature, as
noted also by many other works.

The large vield
double bond for PE suggests
that LET effect 1is remarkable
in ion-beam irradiation.

In PP, slight yield of double
bond, carbonyl group and
hydroxyl group were observed.

Relation Dbetween structural
change and energy profiles.,

It is important for LET effect
that one supposes the relation
between chemical structural
change and stopping power.
Figs.3 and 4 shows the particle
energy dependence of the IR
absorbance and the G-value for
trans-double bond produced in
LDPE and stopping power, in
irradiation of 20 MeV He?' and

175 Mev Ar®*, In both cases,
the peak of G-value and
absorbance should be found to
appear at higher energy than
the peak in stopping power
curves calculated by  Bethe
Formula or TRIM-code. This
indicates that in the region
under so much stopping power
the chemical structural c¢hange
which should be detectable by
FT-IR observation 1is hardly
induced. Very complex reaction

|

of trans-

0.0004
1000 960
YAYEMNUHBERS {CH-1)

Fig.l. Depth profile of the
absorption due to trans-double
bond for LDPE irradiated to a

dose of 0.5 MGy by 10 Mev HT,
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g
&
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»
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Fig.2. Depth profile of +he

trans-double (D.B) and carbonyl
group for LDPE irradiated to a
dose of 0.5 MGy by 10 MeV or 20
Mev HY*. The stopping power
(5.P.}) claculate are shown in
solid lines.
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would be occurred in high
density excitation, especially
in solid material.Up to date,
we could not assign the
chemical reaction in high
stopping power region, yet.

Conclusion.

The Jirradiation effects of
ion-beams for PE and PP are
different from that of low LET

beam such as y-rays or

uondiosqy

electrons. The depth profile of
the chemical structural change
by ion-beam irradiation is
similar to Gragg curve, though
it is not correlative exactly

with the energy profile. This
may be due to complicated
reactions in the heavy ion

track in polymers. The further
analysis should be required for
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3.2

Ion Beam Irradiation Effects on Hole Drift Mobility of Polysilanes

Shu SEKI, Seiichi TAGAWA, Youichi YOSHIDA,
Hisaaki KUDOH#*, Tsuneo SASUGA#*, Tadao SEGUCHI*,
Hiromi SHIBATA**, and Kenkichi ISHIGURE#**%*

The Institute of Scientific and Industrial Research,

Osaka University.
*¥*TRCRE, JAERI.

**The Research Center for Nuclear Science and Technology,

The University of Tokyo.

***Department of Quantqm Engineering and System Science,
Faculty of Engineering, The University of Tokyo.

High hole drift mobility of polysilanes
may be onec of the most practical prospect for
applicational view in the field of engineering of
polysilane derivatives, and R&D have been in-
tensively carried out for this characteristics of
polysilane derivatives. The reason why carriers
can quickly transport in a polysilane media,
which has only single bonded silicon skeleton,
seems to be closely connected to unique elec-
tronic structures of polysilanes, that is so-called
s-conjugated system.

The values of hole drift mobility in

After iradiation of 2 MeY H &t 0 5mCrcm_2
. 7

250 / +
!
L

ol
¢ 17
200 TR
1o ;
o 1| O.ngjcm
150t *

B 0.05mClem?

LAUFTOI |AID. L)

i i i
[+ 50 100 150 200
u sec

Fig. Changes in transient current pulse shapes of irradiated
poly(methylphenylsiiane) at 288K, 3.3x10 v/idm

poly(methylphenylsilane) ; PMPS were ob-
tained by the conventional DC Time-of-Flight
(TOF) measurement, and the mechanism and
potential of high hole drift mobility will be dis-
cussed in the present paper in relation with the
suggested model of electronic structures and
their changes with ion beam irradiation.

The values of hole drift mobtlity ob-
tained here corresponded to several previous
data[1-4], and the value was estimated for
PMPS to be 4.0x104 cm?/Vesec at room tem-
perature. The temperature dependence,
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Arrhenius plot and the field dependence of hole
drift mobility can be well explained by Poole-
Frenkel model which is similar to the model for
PVK. Further, the value of activation energy for
PMPS was obtained to be 0.39¢V. This value
reasonably supports the charge resonance
model suggested in our previous works[5].

Ion beam irradiation was carried out for
PMPS using Van de Graaff accelerator in
RCNST, University of Tokyo and AVF cyclo-
tron, Takasaki JAERI, and the values of carrier
mobility were compared before the irradiation
with that after. The irradiation makes charge
carriers in polysilanes highly mobile, and the
observed flight time of the carriers was distrib-
uted for shorter time region. The acceleration
and multi-comporment mobility seems to be ba-
sically explained by a simple model of 3-di-
mensional like network structure induced by
ion beam irradiation, which is also suggested in
our previous studies[6]. Namely, intramolecu-
lar potential gap was reduced with extended s-
conjugatied system. Further, electron conduc-
tion, which had been never observed for
polysilane derivetives, was detected for the ion
beam irradiated PMPS, and the transient pulse
shape will be also reported.
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Radiation Effects of Ion Beams on TCNB in PVA Films.

H.Hiratsuka, R.Tomita, Y.Matsumoto,

M.Taguchi T, H Namba T and Y.Aoki T

Department Chemistry, Gunma University

T Takasaki Radiation Chemistry Research Establishment, JAERI

It has been confirmed that the radical anions of TCNB were produced by
the ion beam irradiation of Arll+, Ar8+ and C5+, and its dose dependence of
the radical anion formation was examined.

INTRODUCTION

We have studied radiation effects
of He+ ions on triphenylmethanol doped
in poly(vinyl butylal)fiim. He+ ions were
generated by Takasaki Ion Beam Implant-
er and was accelerated by 200 keV. By
the simultaneous irradiation with He+
ions and 337-nm light from a nitrogen
laser, fluorescence emission of triphenyl-
methyl radicals was observed. Dose
dependence of the emission intensity
was examined and reaction cross section
was calculated [1] . In this year, we
have studied radiation effects of ion
beam form AVF cyclotron of JAERI on
organic molecules doped in polymer films

by measuring UV-VIS absorption
spectrum.
RESULTS AND DISCUSSION

Figure 1 shows UV-VIS absorption
spectra of TCNB doped in poly(vinyl
alcohol) [PVA] film irradiated with
220-MeV (C5+  ions. For comparison,
absorption spectra of TCNB irradiated
with 1-MeV electron beam and 60Co 7y -
ray are shown. These spectra show peaks
around 464 nm and 377 nm, and are
similar to that observed for TCNB
irradiated with 60Co ¥ -ray in MTHF
glass at 77 K (2] .1Itis safely said that

the radical anion of TCNB is produced in
PVA film by ion-beam irradiation.

Figure 2 shows the absorption
spectrum of TCNB irradiated with 330-
MeV Arll+ ions. The 464-nm peak is
observed, where, the other peaks in the
shorter wavelength region are obscured
by the back-ground absorption which
gradually increases towards 300 nm. This
may be due to carbonation of the film
with increase of dose.

Dose dependence of radical anion
formation was examined. Figure 3 is the
plot of absorbance at 464-nm peak
against the dose of 330-MeV Arll+ jons.
The absorbance increases with increase
of dose, and shows maximum value of
OD=0.03 at about 20 kGy and then
decreases. As shown in Figure 4 lifetime
of the radical anion produced by 60Co
y -ray with dose of 10 kGy is about 4h
in PVA film. Such a long lifetime may be
also expected for the radical anion
produced by ion-beam irradiation. By
considering the long lifetime, the
decrease of the 464-nm peak due to the
radical anion observed in Figure 3 is
ascribable to the annihilation of radical
anion by collision with ions. Study of
dose dependence is now progress for
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electron beam and  60Co  y -ray. . ;
Radiation effects of ion beam will be %0 7 -ray(10kGy)

discussed in comparison with y -ray and
electron beam irradiation.
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LET Effect on Radical Formation in Ion-Irradiated Alanine

H. Koizumil, T. Ichikawal, H. Yoshidal,
H. NambaZ, M. Taguchi2, T. KojimaZ2
Fac. Engineering, Hokkaido Universityl, JAERI, Takasaki2

Radiation effects depend on quality of
radiation. It is mainly due to difference in
local distribution of deposited energy.
Reactive intermediates form with a
distribution according to the local dose
distribution. If their reaction probability
depends on their concentration, the radiation
effects alter. We are aiming to clarify relation
between the radiation effects, the local
distribution of intermediate, and the quality of
radiation. Ion beams are usefull to study this
subject. The local dose distributions for ion
beams are much different from those for low
LET radiations. The distribution can be altered
with changing the energy and the spices of the
ions. We have previously investigated radical
formation in alanine irradiated with 0.5-3MeV
H* and Het ions". The radical yields depend
on energy and species of the ions. We have
estimated average radii for the radical
distribution from the relationship between the
radical yields and ion fluence. The radii are 4-
6nm for these jons. In this work, we have
investigated radical formation in alanine

irradiated with 175MeV A8t and 460MeV

Arl3+ jon beams to get further insight into
radiation effects of ion beams.

Experimental
Samples used are alanine film dosimeters,

which have been developed at JAERI?. The
dosimeters are made of low-density
polyethylene(LDPE) as binder and alanine
powder. Two kinds of the dosimeters have

been used. One is the film of 160pm
thickness with the 50:50 weight % ratio of
alanine/DPE (AL1). The other is the film of

220um thickness with the 60:40 weight %
ratio of alanine/LDPE (AL.2). The densities of
ALl and AL2are 1.22 gcm3 and 0.812 g
cm3, respectively. Irradiation was carried
out at the HX1 port of TLARA. Pieces of the
sample films (ca. 10mm x 10mm) were
placed on a holder in a vacuum chamber.

175MeV A8+ and 460MeV Arl3+ jon beams
were generated with the AVF cyclotron, and

were irradiated to the samples. The ranges of

175MeV A8+ and 460MeV Arl3+ ions in
ALl are 61 and 226p4m and those in ALZ2 are
92pm for and 340pm, respectively. 175MeV

A8+ ions stop within the first film, while

460MeV Arl3+ ions stop within the second
films. The currents of the beams were
measured with a Faraday cup on the holder
plate just before and after the irradiation. ESR
spectra of radicals in the ion-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

Figures 1 and 2 show radical yield in the
alanine films irradiated with the Ar ion beams
as a function of ion fluence. The yields are

constant in the lower fluence than 2-3x1010

jons cm~2, whereas the yields decrease with
increasing fluence in the higher fluence than
it. This decrease is ascribed to overlap
between ion tracks. Radicals generated within
a shorter distance than a certain one will react
and become products undetectable with ESR.
As increasing the fluence, distances among
ion tracks decrease. In fluence higher than the
critical one, a part of radicals generated in an
ion track reacts with radicals generated in
another ion track. This causes decrease in the
radical yield. The reciprocal of the critical
fluence hence gives average cross section for
the radical distribution along the ion tracks.

The critical fluence, 2-3%x1010 jons cm2
gives the radius of 30-40nm. This is 5-10
times farger than those for the H* and Het
irradiated alanine. The yields in the lower
fluence give G-values 0of 2.3 and 4.2 for
alanine irradiated with 175MeV and 460MeV
Ar beams, respectively.

The difference between the radii for Arion
irradiated alanine and those for H* and He™
irradiated ones is due to the difference in local
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Figure 1. Radical yield in alanine dosimeter as
a function of ion fluence for 175MeV (@ll)
and 460MeV (O} Ar ions.

dose distribution in ion tracks. Figure 3
shows radial dose distribution in the ion
tracks of these ions. They are calculated with
an equation proposed by Chatterjee et al.># If
the yield of the radicals varies in response to
the local dose and it is the same function of
dose irradiated with low LET radiation, the

radius at the dosc of 5x104Gy will a measure
of the radius of radical distribution. Since G-
value for radicals in gamma-irradiated alanine
start to decrease at the critical dose of 10
GyY, overlap of the region higher than

5x104Gy exceeds the critical dose and the

yield hence decreases. The radii of 5%104Gy

are 1-3nm for the HT and He™ ion beams,
whereas it is 10-20nm for Ar ion beams. This
can explain the difference in the
experimentally obtained radii.

The G-values of radical yields are plotted in
figure 4 as a function of average LET
(<LET>). This plot shows that the G-value is
not a simple function of <LET>. The G-
values tend to decrease with increasing
<LET> among Ht and He* ion-irradiated
alanines. However, the G-values for alanine
irradiated with Ar ions, whose <LET> are
about 10 times larger than those of He™ ion-
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Figure 2. Radical yield in alanine dosimeter
irradiated with 460MeV Arions. The yield in
the first film (@), in the second film(&®) and
the sum of the yields in the two films(O).

irradiated ones. This is due to the large radii in
Ar ion-irradiated alanine. LET is deposited
energy per unit length along ion trajectory.
This energy radially extends to a certain radius
in ion tracks. As shown above, the radii for
Ar fons are 5-10 times larger than those for
H+ and He* ions. G-values are a function of
local dose rather than <LLET>. If we estimate
the local dose with a simple cylindrical model
shown in figure 5, average dose in ion tracks
(<dose>)} is

Ei
el

<dose> =

(1),

where Fj is the injtial energy of the ions, L is
the range of the ions, and 1 is the radius of the
ion tracks. Since <LET> = Ej/ L, the
equation (1) is

<dose> = -d;g-’zlz 2).

The values of <LET> for the Arions are 10
times larger than those for the He ions, and
they are 30-100 times larger than those for the
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H ions. The radii for the Ar ions are 5-10
times larger than those for the H and He ions.
The vatues of <dose> for the Ar ions are then
0.1-0.4 of those for the He ions, and they are
comparable to those for the H ions. The G-
values for the Arions are hence analogous
values to those for the H ions.

In conclusion, local dose distribution in
ion tracks and G-values for low-LET radiation
explain the dependence of radical formation in
alanine on ion beams. The knowledge of local
dose distribution in ion tracks and G-values in
high dose region is then important to estimate
the radiation effects in ion-irradiated materials.

G-value

10 Ar |
> 10° i
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8 104 N -
o | ‘ -
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Figure 3. Radial dose distribution in ion
tracks: (a} H jons, (b)He ioms, and (c) Ar
ions.
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Figure 4. G values for radical formation in
alanine plotted as a function of average LET.
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Figure 5. Cylindrical model for ion tracks.
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MICRODOSIMETRY WITH HEAVY IONS (1)

Hidcki Namba, Mitsumasa Taguchi, Katsutoshi Furukawa?,
Yasushi Aoki and Shin—ichi Ohno?

JAERI, Takasaki,Biotech.Lab., JAERI, Tokai,Laser—Chem.Lab.?,

Tokai Univ,,Inst.Res.Develop.®

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; while, to the
vertical direction of incident ions, there
exist "physical core”, which is produced
directly by incident ions, and "penumbra”,
which js caused by secondary electrons.? It
is very important for the Radiation Chem-
ists to get the information of energy deposi~
tion in order to clarify the "chemical ef-
fects" followed by the energy deposition or
"physical effect". However, there arc 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.”

IL EXPERIMENTAL

The experimental apparatus for this re-
search is essentially the same as we have
reported before.y  Figure 1 shows a
schematic diagram of the main part of
experimental apparatus, the third chamber
of EA-BRACHI connected to a vertical
beam port of AVF cyclotron in Second
Heavy Ion Irradiation Room. EA-
BRACHI has differential pumping system

Ar ion beam
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Fig. 1. Schematic diagram of experimental apparatus.
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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 irradiation.

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.

Heavy Ar ion beam ( 175MeV ) from
the cyclotron are introduced to the EA-
BRACHI through a bending magnet of
HX1 port. The beam monitoring and posi-
tion setting were done as described before?,
The ion beam was introduced through the
collimator ( 0.1mm ) connected to the third
chamber.

Two small ionization chambers, as
shown in Fig. 1, were set on a stage, which
are possible to move all directions with an
accuracy of Sum. The details of the ioniza—
tion chambers were reported in former
publication.® The distance from the center
of ion beam was changed with moving the
stage. lonization current induced by Ar ion
beam was measured by two electrometers

2 T T T T T T T

i e 100.0mm ]

" o 715mm *

L OO/O_E / .
~

lonization Current(pA)

045 80 920
Applied Voltage{V)

Fig. 2. Applied voltage dependence of
induced ionization current.

( 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 about £10% fluctuation during the
irradiation, therefore, the intensity was
monitored by another electrometer ( Keith—
ley 617 ) and make corrections.

IIL RESULTS AND DISCUSSION

Fig. 2 shows the applied voltage de-
pendence of ionization current induced by
175MeV Ar beam irradiation in 6.2 torr Ar
gas at 100mm from the beam center. The
applied voltage region between 40 to 80V,
the current became constant ( saturation
region ), whereas the ionization current
increased rapidly at more higher voltage.
The applied voltage dependence of ioniza-
tion current at 71.5mm is shown in the
same figure. There was a saturation
region also at more than 40V; the satura—
tion current at 71.5mm was larger than
100mm. There was no amplification
region at 71.5mm. It will be ascribed space
charge effect in the chamber.
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< L 4
g —
£ 7 ]
& F
S - .
o L i
C -]
Qo r
@ 0.5-
E -
m =
w
O[ { ' ! H I ;
40 80 120
Distance from lon Beam (mm)
Fig. 3. Saturation current at different

distances from the center of ion
beam.
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The saturation current at different dis—
tance from the center of ion beam is shown
in Fig. 3. The current is corresponds to the
amount of ions produced inside of the
jonization chambers. The amounts of
produced ions are predicted? to be propor-
tional to reciprocal square of the distance
(1). The dotted line in the figure indicates
the curvature of 2. The solid line in the
figure is the result of the least square fitting:
the best fitting was r™2°. It needs more
studies both experimentally and theoretical—
ly to clarify the steep decrease of saturation
current. '
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CHARACTERISTICS OF VARIOUS FILM DOSIMETERS

3.6
FOR ION BEAMS II
Takuji KOJIMA, Haruki TAKIZAWA, Hiroyuki TACHIBANA,
and Hiromi SUNAGA
Advanced Radiation Technology Center, JAERI
I. INTRODUCTION

Absorbed dose is a common measure for
interpretation and comparison of radiation
effects on organic materials and biomaterial
samples, and detailed dose distribution in
materials, especially in depth is also required
for it.

We have developed precise dosimetry
techniques both for ®Co gamma-rays and
electron beams of energies from (.15 to 3
MeV so far. On the basis of these
techniques, preliminary studies on dose
response characterization of film dosimeters
and depth dose profile measurement using
various film dosimeters have been carried
out for ion beams from the AVF cyclotron
in TIARAY. Alanine-PE”, Gaf film(GAF
Chemicals Co.)”, Radiachromic film (RCD,
FWT-60, Far West Technology)”, and
cellulose triacetate dosimeter(CTA, FTR-
125, Fuji Photo Film Co., Ltd.)” with about
10 to 200 pwm in thickness are well-
characterized for °Co gamma-rays and
electron beams, and now being applied to
ion beam dosimetry.

In parallel with these studies, design and
development of dosimetry technique are in
progress for precise on-line fluence
monitoring, accurate characterization of
irradiation fields, and absorbed dose
calibration.This technique is on the basis of
simultaneous measurement of energy
fluence, particle fluence, and absorbed dose
by using a total absorption calorimeter, a
Faraday cup, and stacks of uncalibrated thin
film dosimeter, respectively®.

This paper focuses on some depth—dose
profile measurement studies with high

spatial resolution in depth by using film
dosimeters, and on comparison of measured
depth—dose profiles with those obtained by
simulated calculations.

II. EXPERIMENTAL

For depth—dose profile measurement,
dosimeter samples were prepared by two
methods;

(Dfilm dosimeters were stacked one on
one up to the thickness enough to stop
ion beams completely,

(2)one sheet of film dosimeter was put
beneath a wedge—shaped polymer
phantom with different thick steps up
to the thickness enough to stop ion
beams completely, by equivalent thick—
ness to one sensitive layer of film
dosimeter.

These methods may have limitation in
resolution in depth due to the thickness of
dosimeter itself, however, the method(2)
using Gaf dosimeters, which consists of 8-

um thick sensitive layer and inert base
polymer, will provide higher resolution than

the method(1) as fine as thickness of the
sensitive layer of dosimeter.

Ion beams irradiations of above dosimeters
samples were done with 100 x 100 mm’
scanning beams of 10, 20-MeV protons and
20, 50-MeV helium ions from the cyclotron
in the evacuated "wide—area ion irradiation
chamber"”. Beam currents were 200 nA for
CTA dosimeters and 20 nA for others.
Fluence uniformity on irradiation area is
approximately within =3%. The dosimeter
samples were irradiated to about 40 and 2
kGy at the surface for CTA dosimeters and
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others, respectively. Dosimeter responses of
alanine-PE dosimeter and others were
analyzed in terms of electron spin resonance
(ESR) spectral amplitude per unit mass and
optical density change per unit thickness at
specified wavelengths, respectively.
Simulated calculations of depth—dose
profiles were carried out by using ELOSS
code. It is one of the modified OSCAR
code? and gives energy deposition in interest
materials by steps of input resolution on the
basis of initial energy at the surface of the
interest layer and mass collision stopping
power data”.

II._RESULT AND DISCUSSION

The depth profiles of energy deposition or
dose response for 20-MeV protons and
helium beams are shown in Fig.l and 2,
respectively. The former is measured by the
method(1) using CTA dosimeters (thickness
of one dosimeter is 125 um, 16.1 mg/cm®)
and the latter is measured by the method(2)
using Gaf film(0.96 mg/cm? thick sensitive
layer coated on 100-um thick polyester)
with polyimide phantoms with 1.16-mg/cm?
thick steps. Dose responses of CTA and Gaf
film are plotted against depth in the
materials with histogram of solid line and
black closed circle(s), respectively.
Calculation results with two different depth
resolution: one dosimeter thickness and its
1/10, arc shown in the figures with the
histograms of dotted line and solid line
curves, respectively.

Depth dose profiles curve obtained by
experimentally and calculation are in good
agreement in position of the peak: 250
mg/cm? for 20-MeV protons and 39 mg/cm’
for 20-MeV helium beams, and in shallow
part of Bragg curves with different depth
resolutions of calculation.  Calculation
results with the same depth resolution agree
with measured profiles. The difference in
absorbed dose between experimentally and
theoretically is mainly attributed to depth
resolution and averaging in interested
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Fig.1 Depth dose profiles for 20-MeV
protons. The histograms of solid line and
dotted line are measurement by stacked CTA
dosimeters(thickness: 16.1 mg/cm®) and
ELOSS calculation with resolution of 16.1
mg/cm?, respectively. The solid line curve is
calculation with resolution of 1.61 mg/cm’.
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circles are film measurements. The
histogram of solid line is ELOSS calculation
with resolution of 1.16 mg/cm®. The solid
line curve is calculation with resolution of
0.2 mg/cm’.
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depth extent. There is also contribution of
increase of mass collision stopping power
from about 300 to 2,000 MeV/mg/cm? along
with depth in materials up to the peak,
which affects on dose responses”, besides
limitation in effective correction of
difference in dosimeter thickness and
uncertainty in mass stopping power data.

IV. SUMMARY

The depth dose profile measurements with
high resolution in depth were studied for 10,
20-MeV protons, and for 20, 50-MeV
helium beams comparing with calculation
results. Dose profiles measured by using
film dosimeter for these beamns nearly agree
with those calculated using ELOSS code.
The theoretical calculation may not be fully
adequate and can profitably be supplemented
with experimental measurement. Especially
for heavier ion beams with short penetration
range, for instance C** and Ar™, estimation
of initial energy or mass collision stopping
power value at the surface of interest
material layer may have large uncertainty.
Calculation code and data base have to be
improved and supplemented by experiments.
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4.1

HIGH ENERGY ION IRRADIATION EFFECTS

ON POLYMER MATERIALS(IT)

H.Kudoh, T.Sasuga and T.Seguchi

Takasaki Radiation Chemistry Research Establishment
Japan Atomic Energy Research Institute
Takasaki, Gunma, 370-12 Japan

1. Introduction

Artificial satellites and space stations
need polymer and fiber reinforced plastic as
the thermal insulators and structural materials.
To apply polymer materials in space envi-
ronment of the radiation field of high energy
ions and electrons, the knowledge about the
degradation induced by ions is essential. We
have studied the high energy proton irradiation
effects for several polymers and compared
with those of electron irradiation in the previ-
ous report” and LET (Linear Energy Transfer)
effect was scarcely observed for the tensile test
of PE (polyethylene) and PTFE (polytetratluo-
roethylene), whereas a LET effect was ob-
served for PES (polyethersulphone) and UPS
(bis—phenol A type polysulphone). In this
work, the changes in flexural strength induced
by proton irradiation for PMMA (polymethyl-
metacrylate) and GFRP (glass fiber reinforced
plastic; Glass/bisphenol-A type epoxy resin)
were studied and compared with those of Co-
60 gamma rays irradiation. For further high
LET ions such as He?* and C>* ions, the irradi-
ation effects on PE, PTFE, PES and UPS were
investigated.

2. Experimental
Films of PE of 0.5mm thick, PTFE,
PES and UPS of 0.1mm thick were used for
“tensile test. Those of PMMA of 3mm thick
and GFRP of 2mm thick were for flexural test,
respectively.
Ion beams of 10mm diameter from the
Cyclotron accelerator were scanned uniformly

in 100mm x 100mm area. Ion energy was
selected as shown in Table 1 in order that ions
pass through the materials. The materials were
put on the water cooled holder and irradiated
under vacuum. Absorbed dose(D) was calcu—
lated as the product of fluence(Q)} and Bethe's
mass stopping powers(S) shown in Table 1.

"The formula is D=Q/q*S. To compare the

effect with proton irradiation, 2MeV electron

Table 1 Tons, ion stopping power(S;MeVem?/g)
and ion penctration range(mm)

Polymer lon S Range
PE  10MeV H* 430 1.35
50MeV He?* 1425 2.03
20MeV He?*  304.5 0.39
PTFE 10MeV HY 36.5 .68
50MeV He?* 1214 1.02
PES 10MeV H* 39.7 1.02
50MeV He* 132.0 1.69
220MeV C* 5980 1.47
UPS 10MeV H* 40.5 1.11
20MeV He**  284.8 0.32
PMMA 45MeV H* 11.5 192
30MeV H* 16.3 9.02
GFRP 30MeV H” 1617 7.84

* values for CTA
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irradiation was carried out for PE, PTFE, PES
and UPS under vacuum at room temperature,
and Co-60 irradiation for PMMA and GFRP
was performed in nitrogen gas atmosphere at
room temperature.

In additon to mechanical property test,
glass transition temperature of PES, UPS and
GFRP was measured by DSC (Differential
Scanning Calorimetry). Molecular weight of
PMMA was measured by GPC (Gel Permea—
tion Chromatography).

3. Results and Discussion
(LHYPMMA:

Figure 1 shows the change in flexural
strength of PMMA measured at RT as a func-
tion of absorbed dose. The flexural strength
decreases with dose above 0.1MGy, and this
behavior is the same among gamma rays,
45MeV and 30MeV protons. Figure 2 shows
the change in Molecular weight(Mn) as a
function of absorbed dose. The Mn decreases
in the same way among gamma rays, 4>MeV
and 30MeV proton irradiations. The ratio of
weight average molecular weight to number
average one, Mw/Mn, was around 2 after a
small dose irradiation, which means that the
molecular weight distribution is random. The
G value of chain scission of PMMA calculated

200 T r T 1 Ff v 1 1 T T
=
Q‘ ™ o
g
= ’
£ 100 ]
&
w
= ]
S
2
PR S ST S Y YOPMT SR S Y HY VO R S
) 0.1 0.2
Dose (MGy)

Fig. 1 Flexural strength of PMMA

10%/Mn

0 o1 02
Dose(MGy)

Fig. 2 Number average molecular weight(Mn)
of PMMA (O;gamma ray,;45MeV proton,
M;30MeV proton}

from Fig. 2 is 1.7 and agrees well with values
in literatures?. The experimental results of
flexural strength, Mn and Mw/Mn indicate that
the chain scission takes place in the same way
among the irradiations of gamma rays and
45MeV and 30MeV protons, and that the
decrease in mechanical properties depends
only on the dose. LET effect on PMMA
degradation is not observed in our experi—
ments. On the other hand, Yates et al.? and
Schrabel et al.¥ reported that G value of scis—
sion of PMMA decreases in large LET at 60
eV/A by 90MeV Oxygen.

(2)GERP:

Figure 3 shows the change in flexural
strength of GFRP measured at RT as a func—
tion of absorbed dose. The radiation resistance
of GFRP is attributed to the degradation of
matrix resin. Figure 4 shows the change in
glass transition temperature, Tg, of epoxy
resin, determined by DSC. The decrease of Tg
means the degradation of network structure of
epoxy resin. The scission probability is the
same between gamma rays and 30MeV proton

(O,gamma ray,7;45MeV protonm;30MeV proton) irradiations.
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Fig. 4 Glass transition temperature(Tg)
of GFRP(();gamma ray,[5;30MeV proton)

(3)PE, PTFE, PES and UPS:

Table 2 shows the dose at degradation,
the dose at which the elongation at break
decreased to the indicated value. The results
of PE irradiated by S0MeV or 20MeV He*
and PTFE by 50MeV He? were the same with
that of 10MeV H*. Those of PES irradiated by
50MeV He?* and 220MeV C>* showed the
similar dose dependence, but the degradations

were less than that of 10MeV H*. For UPS
irradiated by 20MeV He?*, the change in
elongation against dose was less a little, but
not so different from that of 10MeV H”. These
experimental results did not show the clear
LET effects on the degradation of polvmer
materials in terms of mechanical property.

Table 2 The Dose at Degradation? in tensile test
of PE, PTFE, PES and UPS

Polymer Ion  Degradation Dose
PE  10MeV H* 0.5Eb? 0.2MGy
50MeV He?> 0.2
20MeV He? 0.2
2MeV e~ 0.2
PIFE 10MeV H' 0.6EDb, 4kGy
50MeV He™ 4
2MeV ¢~ 4
PES 10MeV H? 0.9Eb, 0.IMGy
50MeV He? 0.4
220MeV C* 0.4
2MeV e 0.2
UPS  10MeV H* 0.6Eb, 2MGy
20MeV He? 3
2MeV e~ 2

1) The dose at which the elongation decreased
to the indicated value. (Ex., for PE, the dose at
which the elongation decreased to the half -
of the initial elongation.)

2) Eb, denotes the clongation at break of the
unirzadiated sample.
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IRRADIATION EFFECTS ON MECHANICAL PROPERTIES OF CFRP FGR SPACECRAFT
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[. [NTRGDUCTION

Composite materials., particularly Carbon Fiber
Reinfarced Plastic (CFRP) ., offer substantial
advantages for large space system applications.
because of their superior strength, specific
stiffness and low coefficient of thermal
expansion. CF/Epoxy resin composite (CF/Ep) is
being increasingly utilized 2s a structural
material for space use.

NASDA is now conducting R&D efforts on reentry
winged vehicle “ HOPE ". CF/Polyimide resin
composite ¢ CF/Pi ) is expected as the first
candidate material for the primary structure of
this “ HOPE ". {F/Pi ccmposite resists higher
temperature than CF/Ep composite. These superior
characteristics of CF/Pi would contribute to
weight saving of HOPE structure,

Resistance to space environmental effect such

as proton and electronm radiation as well as
mechanical properties of CFRP  is the most
important characterization to apply to
structural material for space use. Irradiation
effects ( proton, electran } on mechanical
properties were studied for CF/Ep and CF/Pi
composites.

II. EXPERIMENTAL PROCEDURE
(i) Samples

The samples used were two kinds of CFRP (CF/Ep
and CF/Pi). These CFRP were prepared as follows
The UD ¢ Uni-directional ) preimpregoated sheets
were laminated and cured. 20 plies of sheet for
CF/Bp and 18 plies of sheet for CF/Pi were
laminated. These laminates consisted of plies
with 0 and 90 degree fiber orientation. The
thickness of CFRP ( GF/Pi and CF/Ep ) was 2 mm.
Table-1 shows the mechanical properties of CFRP.
CF/Pi has a high Tg(glass transition temperature
indicating that it is a high temperature
resistant composite. Polyimide resin is PMR-151%

Table 1. Mechanical Properties of CFRP

CFRP | Flexeral Flexurzl L3S Te
SirngthOdPa) | Modulus(GPa) QdPa) (g o)
LF/Ep 634 133.3 476 145
CF/Pi 1051 7.8 74.6 254

(ii) Irradijation

Irradiation was performed by 45 MeV protons
from a AVF cyclotron and 2 MeV electrons from
an electron accelerator installed in the JAERI
Takasaki Radiation Chemistry Research Establish-
ment. The proton flvence rate was 2.5 X 10% p/
cm®/s and the total absarbed dose (D} was max
1.22 MGy for CF/Ep and max 1.80 MGy for CF/Pi.
The electron fluence rate was 1.16 X 10*? e/cm?®/
s and absorbed dose (D) was 5 ~6( MGy. To aveid
rising iemperature during the electron
irradiation, the samples were stuck on the
irradiation table with water cooling jacket.

{iii) Measuremeni of mechanical properties

After proton/electron irradiation. 3 point
flexural test was carried out at temperatures
from RT to 250°C for CF/Pi ., from RT to 100 C
for CF/Ep. The size of sample was 102 mm(L) X 10
m(®) X 2 mm(T) and span length was 64 mn
Interlaminar shear strength( ILSS } was also
measured at room temperature, the size of sample
was 20 mm(L) X 10mm{¥) X 2 mm(T) and span length
wis 12 mn  The glass transition temperature(Tg)
of sample was determined by visco-elasticity
measurement.

TI. RESULTS AND DISCUSSEON
(i) Protpn and electron irradiation in low dose
region
Figs.1 and 2 show flexurai strength and modulus
at room temperature for CE/Pi as a function of
proton-dose and those for CF/Ep.respectively.

150
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[ [ ] =
jo]
% 1100 F
% 800% u w " z
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g 400} 50 %
e o
0 1 50

Absarbed dose (UGy)
Fig.1 Flexural strength and Modulus vs.
proton dose for CF/Pi at RT
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Fig. 2 Flexural strength and Modulus vs.
proton dose for CF/Ep at RT

The degradation of mechanical properties
were not observed for CF/Pi and CF/Ep.

Electron irradiation were carried out in the
equal absorbed dose (O~Il.8 MGy) as with proton
irradiation for comparison. No degradation were

also observed up to 1.8 MGy electron irradiation.

From these results it is conciuded that CF/Pi
and CF/Ep are stable to both proton and electron
irradiations up to 1.8 MGy.

(ii) Electron irradiation in high dose region
Figs.3 and 4 show flexural strength for CF/Pi
as a function of electron-dose, and flexural
modulus, respectively. The measurement temperature
were from RT to 250 C. Fig 5 shows [LS3 at RT.
Although the flexural strength at high
temperatures was lower tham that at low
temperatures. it did not decrease with electron
dose.  CF/Pi had equal flexural modulus at high
temperatures and with absorbed dose.

T L] T T
. 1400 O uT_ 7
a ~ &) -
L o 100
F A S . A 2~
=
e S—— AN
| T 20T
@ .-
H 80O g
=
>
o
b 500 -
0[ I L I 1 T
0 15 - 30 45 50

Absorbed dose (MGy)

Fig.3 Flexural strength vs. electron dose for
CF/Pi at temperatures from RT to 250°C
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Fig.4 Flexural modulus vs. electron dose for
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Fig.5 [ILSS vs. electron dose for CF/Pi at RT

LSS increased slightly with dose.Tg increased
by 16 °C to 370 °C by 60MGy electron irradiaticn
From these results, CF/Pi is excellently stable
to electron irradiation. Tg increased by
electron irradiation, indicating that Polyimide
resia was classified as a crosslinking type
palymer under electron irradiation.

Figs. 6 and 7 show flexural strength for CF/Ep
as a function of electron-dose, and flexural
moduius, respectively. The measurement temperature
were from RT to 100°C.  Flexural strength and
modulus decreased steeply at higher temperatures
temperatures with increasing electron dose.

Fig 8 shows ILSS at RT. ILSS decreased above
15 MGy of electron dose. The Tg decreaed by
96°C to 119 C by 30MGy irradiation, resulting
that Epoxy resin is classified as a bond-
scission type under electron irradiation. [t is
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verified that CF/Ep was degraded by electron
irradiation.

The degradation of mechanical properties was
cbserved at high temperatures with increasing
electron dose for CF/Ep. Tg decrease , which was
caused by Epoxy resin dissociation under
electron irradiatign, was also observed, These
dissociated bonds rearranged at temperature of
decreased Tg . resulting in degradation of Epoxy
resin ‘¥ ., CF/Ep degradation is probably due
to Epoxy resin degradatios.

(iii) Evalvation of {FRP for space use

It is estimated that spacecraft surface in the
geostatiognary orbit with altitude of 36000 km is
irradiated by electron maximum [OMGy (CFRP ) for
36 years . From the present work, no
degradation was observed by 1 ~2 MGy proto
irradiation for CF/Pi and CF/Ep. On the other.
it was verified that CF/Ep was degraded by
electron  irradiation ( above 15 MGy ), and
CF/Pi showed no degradation up to 60 MGy
electron irradiation.

. CONCLUSION

(i} CF/Pi has high electron-radiation resistance
Polyimide resin (PMR-15) is a crosslinking
type polymer under electroa irradiation. No
degradation was observed up to 1.8 MGy
proton irradiation.

{ii)CF/Ep has low electron-radiation resistance
The degradation was observed above 13 MGy
electron irradiation. Epoxy resin is a bond-
scission type polymer under electron
irradiation. No degradation was observed up
ta 1.2 MGy proton irradiation.
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Development of a new nuclear track detector
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INTRODUCTION

Diethyleneglycol-bis- allyIcarbonate
(CR-39) film has been widely applied to the
field of nuclear particle detection, track radi-
ography and microfilter production, because
of its high sensitivity to ion beams and charge
resolution. The sensitivity of polymeric track
detector is known to be affected by various
factors such as purity of monomer, molecu-
lar structure of polymer?), polymerization
conditions?), environmental conditions dur-
ing irradiation and etching conditions®. In or-
der to develop a new polymeric track detector
of high sensitivity, we investigated a copoly-
mer of CR-39 monomer with methacryloyl-
L-alanine methyl ester (MA-AlaOMe).

CH,
CH,:CI @
%-NH-CH-C-OCH,
0 3

MA-AlaOMe

Q
CH,=CH-CHF-0-C-0-CHCH;
o}
CH,=CH-CH-0-G-O-CH-CHY
o}

CR-39

3% BPO

EXPERIMENTAL

The copolymer film of CR-39 and MA-
AlaOMe was fabricated by a cast polymeriza-
tion. A mixture of MA-AlaOMe and CR-39,
containing 3 % BPO as an initiator, was
poured into a cast consisting of two glass
plates separated by the spacer of 100 um
thick film of polyethylene terephthalate. The
monomer mixture in the cast was polymer-
ized at 75°C for 24h (Fig. 1). The copolymer
films were irradiated under vacuum condition
with 1x103 He2* ions of 5 MeV/n, CO* ions
of 18.3MeV/n, Ne7+ ions of 13 MeV/n,
Arl3+ ions of 11.5 MeV/n at the AVF cyclo-
tron (TIARA) and with 1x106 Aujons of 13.4
MeV/n at the UNILAC heavy ion accelerator

Copoly(MA -AlaOMe/CR-39)

Fig. 1 Structural formula of MA-AlaOMe, CR-39, and copoly(MA-AlaOMe/CR-39).
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(GSI). The irradiated films were etched in a
concentrated NaOH solution. The sensitivity
was expressed as (V/V,)-1, where V, is track
etch rate and V, bulk etch rate obtained from
the observation of scanning electron micros-
copy with the irradiated films.

RESULTS
The track formation is due to the en-

ergy transfer from the irradiated energetic ion
to the material. In this case, there is a mini-
mum energy called REL(restrited energy
loss) below which no track formation is de-
tected.
High REL region

Copolymer films of CR-39 and MA-
AlaOMe in the compositions of 100/0, 95/5,
90/10, 85/15, 80/20, 70/30, 60/40, and 40/60
in weight ratios, were irradiated by
13.4 MeV/n ®7TAu ions at normal incident
angle to the copolymer surface. Then the co-
polymer films were etched in 6N NaOH solu-
tion at 60°C. A conical shape of the etched
structure provided V, and V, as reported in
our previous paper?.

Fig. 2 shows the effect of MA-AlaOMe
content on the sensitivity. The introduction
of MA-AlaOMe to CR-39 was effective in

300 F
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Fig. 2 Effect of MA-AlaOMe content on the sensi-
tivity. The films were irradiated by 13.4 MeV/n
¥ Auion and then were etched with 6N NaOH so-
lution at 60°C,
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Fig. 3 Effect of MA-AlaOMe content on sensitiv-
ity. The films were irradiated by 13 MeV/n ®Ne
ion and then were etched with 7N NaOH solution
at 70°C.

increasing the sensitivity of CR-39 to 13.4
MeV 197Au ions in the region of MA-
AlaOMe content less than 40 %. The maxi-
mum sensitivity was obtained with the co-
polymer containing about 10 wt-% of MA-
AlaOMe. This value was 2.1 times that of

3 Au 13.4MeVin

Ar 11.5MeV/n

Trirm

Ne 13MeV/in

c
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Fig. 4 Response curves of copoly(MA-AlaOMe/
CR-39} film and Poly(CR-39) film; (C) CR-39 and
{®) MA-AlaOMe/CR-39 (1090 wt%).



JAERI-Review 94-005

pure CR-39.
Low REL region

Fig. 3 shows the effect of MA-AlaOMe
content on the sensitivity of copolymer films
for 13.0 MeV/n 20Ne ions. The sensitivity was
simply reduced with increasing MA-AlaOMe
content. The sensitivity of the copolymer
with 10wt-% MA-AlaOMe was about 1/3 of
pure CR-39.

Fig. 4 shows the sensitivity curves as a
function of REL of the copolymer containing
10 wt-% MA-AlaOMe. From the figure, it is
clearly observed that the copolymerization of
CR-39 with 10 wt-% MA-AlaOMze is effec-
tive in increasing the sensitivity of CR-39 to
high LET particles in the region of REL
higher than 3x10* MeV cm?/g. In the region
less than 3x104 MeV cm?/g, on the other
hand, the copolymerization with MA-
AlaOMe reduces the sensitivity.

For the next step, we intend to develop
a copolymer with a high sensitivity to low
REL region.
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Introduction

We tried to evaporate the metal{Cu
or Ni) by sputtering method on the depo-
sited mixed film of Phthalocyanine(Pc)
and Stearic acid{SA) evaporated simulta-
neously on the bare glass in vacuum. By
this method we tried to form metallic
complex of Pc(MPc).

H.Omichi et.al !’ had tried to fo-
rm the MPc by the deposition of Cu by
sputtering method on the previously dep-
osited Pc film on the bare glass in vac-
uun. Though CuPc was not formed by the
way !’.The Pc film evaporated in vacuum
shows highly regular stacking for the
growth direction?’. So the reason of the
result seems to be that Cu atom can not
arrive at Pc molecule in the highly ori-
ented Pc film .

On the other hand K.Orihara et.al
had tried to evaporate each metal (Ni,Cu,
A1,Sn,In and 4u) and Pc simultanecusly
from dual sources in vacuum. ds a result
an interesting example was found in the
case of the deposition of Ni and Pc.
That is,the sample showed a possibility
of NiPc complex formation 3'. But in
almost all samples Pc component was dam
aged by the metal evaporated simultaneo—
usly. Furthermore samples deposited tog-
ether with Paraffin(Pa) from triple sou-
rces 1n vacuum have been also Investiga-
ted.As a result,the sample consisting of
Ni,Pc and Pa showed better possibility
of NiPc complex formation compared with
the previous sample obtained with double
sources.*’ Additionally the sample cons—
isting of Cu,Pc and Pa also showed a po-
ssibility of the complex formation*’.
Almost amorphous structure of these thr—
ee~component mixed films®’scemed to ind-
uce those suitable results.Probably such
an aworphous structure should induce ac-
tive thermal movement of the metallic
atoms and Pc molecules.

In this study we tried to apply the
active character of the mixed deposition
to form a metal-organic complex. [irstly

almost amorphous film of Pc was fabrica-
ted by evaporating with SA. Secondly on
the mizxed film ,the metal(Cu or Ni) was
deposited by sputtering method.The chem
ical structure of Pc in the fabricated
samples{Pc*SA M) was analyzed with XPS
and UV-V.

Experiment

Firstly the mixed organic films we—
re deposited in vacuum. SA was evaporat-
ed with Pc simultanecusly for 420sec in
vacuum of 1.3X10" *Pa.The temperature of
evaporating source was 400°C for the Pe
and 90°C for the SA.The substrate tempe-
rature was 13 °C.The distance from evap-
orating sources to substrate was 11.5cm.
Cu and Ni were deposited on the ahbove
organic film by the sputtering method
with the apparatus making hybrid wembra-
nes at Takasaki.The accelerative voltage
of sputtering Cu by Ar* was 0.5kV,and
that of Ni was 1.0kV.The sputtering time
of Cu was 30min,and Ni was Z20min.

The tertiary structure of the samp~
les was analyzed by using reflective X-
ray diffraction method. The chemical st-
ructure of Pc in the samples was analyz-
ed by using XPS and -UV-V spectrophotome-
ter.

Results and Discussion

The refiective X-ray diffraction
patterns of the mixed film consisting of
Pc and SA{Pc*SA) is shown in fig.l by
full line and that of deposited pure Pc
film by dot line. The diffraction peak
intensity of Pc*SA decreases clearly and
its H¥ becomes wide compared with that
of the pure Pc film.These results sugg-
est the low crystalline and the small
size of Pc cluster in Pc#SA compared
with that in the pure Pc¢ film.

Figure 2{a) shows the XPS spectrum
for N Is electron of Pc*¥SA«Cu. A single
sharp peak 1 with HW of 1.3eV is obser~
ved at AMeV accompanied with three weak
satellites. Figure 2(b) shows the XPS
spectrum for N Is of the ready-made Cufe
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Fig.1l The refleétive X-ray diffraction
patterns of the PcxSA(—) and the
deposited pure Pc film(---)

complex film. A single sharp peak 1 with
HV of 1.2V is observed at 399.15eV.

The single peak in Fig.2(b) corresponds
to four aza nitrogens and four nitrogens
coordinating with Cu in CuPc molecule
Figure 2(c) shows the XPS spctrum for N
1s of the deposited pure Pc film sputte-
red by Cu(PctCu).Two peaks 1 and 2 are

X—-ray

3 Lo

observed at 407.8 and 409.05eV respecti-
vely.The chemical shift between them is
1.25eV and their intensity ratio is 0.27.
Figure 2(d) shows the XPS spectrum for N
1s of the deposited pure Pc film.Two pe-
aks are observed at 398.6 and 400.1eV.
The chemical shift between two peaks(l
and 2) is 1.5eV and intensity ratio of
them is 0.33.These two peaks correspond
to six aza nitrogens and two pyrrole
nitrogens in Pc molecule respectively 6)
The difference of binding energy zone
among (a) ~{d) may due to the differe-
nce of the tertlary structure in each
sample.The clear difference of the spec-
trum is found between the sample of Pc¥SA
«Cu(a) and the pure Pc film(d).The pro-
file of the single sharp peak 1 in {(a) is
rather similar to that of the ready-made
CuPe Ffilm(b), and satellite peak 2 in
both figures,{a) and (b) at lower bind-
ing energy of the peak 1 is also shown in
both films.On the other hand the spectra
(c) and (d) show almost same chemical
sift between two peaks,l and 2.From these
results,only Pc¥SA¢-Cu seems to show a

possibility of the formation of CuPc co~

(a) | (c) T
PcxSA+CU Pc . Cu
R “ )
+
i
+
410 406 402 338 394 410 408 407 398
(b) ' ({d) L
CuPc Pc
R R g
4
410 408 402 398 334 ilo 408 402 138 394

Binding eanergy / a¥

Dinding enercgy / eV

Fig.2 The XPS spectra for N ls of PcxSA «Cula),the ready-made CuPc complex
fila(b),the Pce-Culc) and the deposited pure Pc £1lm(d)
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mplex. 6) Y.Niva,H.Kobayashi,T.Tsuchiya,et.al,
Figure 3 shows the UV-V spectra of The Journal of Chemical Physics.,

the deposition of Pc#SA«Cu,Pc¥S4 and 60,p.793(1974)
ready—made CuPc.The profile of the spec-
trum of Pc¥SA«Cu is similar to that of
Pc*#SA. But the depression of 263nm in Pc

% ~—CuPc
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h"‘ '_‘.L..-'.\ e==--Brx SA

300 Z30 800 360
A/mm

Fig.3 The UV-V spectra of the deposition
of PcsSAeCu(—),Pc*SA(---) and

ready-made CuPc(—-—3

*SA «Cu is not clear compared with that
of Pc*SA.The little difference in UV sp-
ectrum between Pc*SA<Cu and Pc#SA seems
to support the results in XPS spectra,
that is,the possibility of the formation
of CuPc complex.The similar profile of
the UV-V spectrum of Pc «Cu and the
pure Pc film,omitting the figure,support
this possibility. The possibility could
be affirmed from the FT-IR spctra,though
we could not have clear data because the
present samples were too thin.In the case
of Pc*#SA«Ni,both XPS UV-V pectra indic-
ated no formation of complexs under the
present condition.
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METASTABLE PHASE FORMATION BY ION IMPLANTATION (II)

Hidefumi TAKESHITA, Syunya YAMAMOTO, Yasushi AOKI

and Hiroshi NARAMOTO

Department of Materials Development, JAERI Takasaki

1. Introdution

lon implantation has been proved to be
valuable both for new material development and
understanding of basic principles underlying the
formation of metastable phases that , by
definition, do not appear in equilibrium phase
diagrams. lon implantation has enabled
extention of equilibrium solid solubilities in a
large number of systems. The solid solubility
extention is applicable not only to subsitutional
solutions but also to interstitial sclutions. These
metastable supersaturated solid solutions have
formed the basis of alloy development through
ion implantation. lon implantation has been also
used to make metastable crystailine
intermediate phases. It is well known that some
of metastable intermediate phases show
interesting properties such as Nb3Ge, which

exhibits transition

higher  superconducting
temperature by conforming to the stoichiometry
compared to the corresponding equilibrium
nonstochiometric phase. Thus, understanding of
the process of metastable phase formation
through ion implantation can be scientifically
challenging and technologically useful.

As a first step we have started to investigate
the metastable phase formation in the silicon
and noble metal binary systems. In the Si-Au
system, mutual solubilities are quite low and no
equilibrium intermediate phases exist in the
diagram.This is the case also for the Si-Ag

system. The mutual solubilities of Si and Ag are

negliligible. Thus, our interests for these
systems are the metastable silicide formation as

well as extended solid solubilities.

2. Experiment

lon implantation was carried out using the
400kV lon Implanter in a dynamic vacuum
better than 104 Pa. Si wafers were implanted at
room temperature with Au or Ag ions. The beam
energy and current were 0.4MeV and about 1
uA/cm?2, respectively. To avoid channeling of
implanted ions, the samples were tilted by 5
degree from the position normal to the beam.
The implantation doses of Au and Ag were
evaluated on the basis of the RBS(Rutherford
measurements.

backscattering  spectroscopy)

After the the samples were

implantation,
annealed in a argon atmosphere to allow a
direct reaction between implanted metal atoms
and amorphized silicon matrix. RBS was used to
determine the depth profile of the Au or Ag
concentration in the implanted and annealed
samples. The parameters for RBS were 2.0
MeV He ion, a 165 degree scattering angle and
a silicon solid detector with 14keV energy

resolution.

3. Results
3.1 Au-Si system

As expected, the surface of silicon matrix was
fully amorphized by fon implantation in the

range from the surface to the ion range. The
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supersaturated solid solution was formed around
the ion range, where Au atoms were randomly
focated with the gaussian curve of distribution,
The Audmplanted sample was annealed at 400
C for 1 hr. In the equilibrium phase diagram for
the Au-Si system, there is the eutectic point at
363 C. Thus, at the above annealing
temperature, a part of the supersaturated solid
solution would be expected to form a liquid
solution with the composition determined by the
sample tempperature. However, the RBS
spectra did not show any change of the
distribution of Au and the state of amorphous

silicon.

3.2 Ag-Si system

The RBS spectra for the as-mplanted sample
were shown in fig.1. At first, this implanted
sample was annealed at 400 C for 2hr. This
annealing temperature was chosen so that
crystallization of the amorphized silicon matrix
beneath the surface was not delected o0 a
noticable extent. It was found from the RBS
spectra for the asdmplanted and annealed
samples that there were no changes in the state
of implanted Ag and amaorphous silicon after the
annealing. This annealing treatment was made
with the hope for a reaction between implanted
Ag and émorphous silicon, because, from the
thermodynamic point of view, both of Ag and
silicon in the implanted region might have
higher activities compared to those for their
equilibrium states. There would be, however, a
possibility of metastable phase formation if a
profonged annealing was adopted.

For the next preliminary step, the implanted
samples were annealed at 800 C and 860 C,
respectively. These temperatures were selected

to be located at lower and upper positions

compared to the eutectic temperature(835 C) of
the Ag-Si systems, The RBS spectrum for the
sample annealed at 800 C for 30min was shown
in fig.2 with that for the as-implanted sample.
The corresponding result for the sample anneald
at 860 C was not different from that for the
sample annealed at 800 C. It is seen form the
figure that the peak concentration of Ag

decreased remarkably and resulted in the
spread of Ag inte the inside direction of the bulk
silicon. As well as the diffusion of Ag into the
inside, this annealing treatment induced some
crystallization of the amorpous silicon matrix
and slight alignment of Ag atoms within the

recoverd silicon matrix.

4. Discussion

So far ion beam mixing has been used to
synthesize metastable intermetallic compounds.
The formation of metastable phases in the Au-5i
system have been confirmed by means of this
method. Normally a thin film bilayer of binary
systems is formed by sputtering or wvapor
deposition and subsequent bombardmen! by
energetic icns, which penetrate through the
interface of the bilayer, causes intermixing of
gach subdayer because of the atomic
displacement produced by the passage of ions
through the solid. There have also been several
observations of metastable Au gold silicides in
gold-silicon  alloys under  nonequilibrium
conditions from, e.q., very rapid quenching.
For the Ag-Si system, the occurence of two
metastable phases was reported on the Ag-rich
side of the diagram. These phases were
obtained in rapidly solidified alloys by melt
spinning on Cu substrates and started
decomposing to the equilibrium phases abave

100 C or higher {emperatures.
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Our results have shown in fig.2 and fig.3 that
there is some possibility for the metastable
crystalline phase formation in the Ag-Si system
by using the combined treatment of ion
implantation and thermal annealing at higher

temperatures.
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5 . 2 Electrical Conductivity of MgO and AlxO3 Irradiated

with High Energy He ions

T. Nakazawa, T. Tanifuji, D. Yamaki, K. Noda
JAERI, Tokai, Material Innovation Lab.

Magnesium oxide (MgO)} and Aluminum
oxide (Al;O3) are attractive materials as insu-
lators for fusion reactors{1]. in fusion reactor
environment, helium (He) is introduced in the
materials due to nuclear transmutation as well as
severe displacement damage. The synergistic
effects of introduction of He and displacement
damage in though to have very large influence
on the insulating properties. In this study, the
electrical conductivities of MgO and AlL,O ;3 were
measured as function of temperature after He-
ion irradiation. The results are discussed in term
of the behavior of the He atoms on radiation
damage.

The materials used in this study were
single crystal MgO (10mmx10mmx0.5mm) and
single crystal AlbO3z (10mm¢$x0.5mm, 10mmx
5mmximm). He-ion irradiation was carried out
with an AVF cyclotron accelerator at Japan
Atomic Energy Research Institute (JAER!). The
specimens were irradiated with 50 MeV He ions
up to the fluence of 4.5x105 ions/cm?2 (5x10-
3dpa) at the ambient temperature in a vacuum
of better than 10-6 torr, and then He concentra-
tion in the implanted region was about 25appm
for both of MgO and AlLO 3. After irradiation, the
electrical conductivities in the temperature range
298 to 1073K were measured for the irradiated
samples with Keithley source measure unit
{Model 238) under vacuum {(~10- torr). The He
gas release was also measured with the
quadrupole mass spectrometer (ULVAC, Model
MSQ-150A) in the temperature range 298 to
1453K, by heating at a constant temperature
rising rate of 5 K/min.

The electrical conductivity of MgO and
Alb,O 5 before and after irradiation were shown
versus the reciprocal of temperature in figure 1.
For MgO, the values of electrical conductivity at
various temperature after irradiation were almost
the same as these before irradiation (Fig. 1-A).
On the other hand, by comparing the values of
electrical conductivity before irradiation with

these after irradiation for Al,Q 3, the decrease of
electrical conductivity due to the irradiation was
formed in the temperature range 298 to 600K
(Fig. 1-B). It is also recognized for Al;O 3 that the
temperature dependence of electrical conduc-
tivity after irradiation shifts to low temperature
side.

He gas release rate of AloO; irradiated is
presented in the temperature range 298 to 1453
K in figure 2. The release rates measured with
the quadropole mass spectrometer were not
almost changed in the range 298 to 1073K. this
suggests that the He gas was not virtually
released in the examined temperature range. For
the irradiated MgQO, He gas release was not
also observed in the same temperature range.

Displacement threshold energies of Mg
atom (60eV) is nearly equal to these of O atom
{64eV) in MgO. However, Displacement
threshold energies of Al atom (18eV) is about a
quarter of these of O atom (76eV) in ALO3[1].
Accordingly, the microstructural evolution is
thought to be different between MgQ and
Al,O 5. The microstructural evolution in Al,O 5 due
to irradiation is supposed to be larger than them
in MgO. Such difference in microstructural evolu-
tion is assumed 1o be origin of difference of
radiation influence on electrical properties be-
tween MgO and Al,O 3. In order to confirm this
assumption, it is necessary to observe the
microstructure (defect cluster, point defect) of
these materials irradiated with transmission
electron microscopy and optical absorption
spectroscopy.

The studies on electrica! conductivity and
gas release for various ceramics will be
systematically carried out in the near future.

Reference
[1] G.P. Pells, J. Nucl. Mater. 155-157(1988)67.
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Proton Irradiation Effect on Mechanical Strength of

Carbon/Carbon Composite

S.Baba, M.Ishihara, M.Eto

JAERI, Tokai, Energy Materials Development Lab.

introduction
Carbon/Carbon
are used for
component (pfc)
magnet-confinement plasma-fusion
devices such as International
Thermonuclear Experimental Reactor
(ITER), JAERI Tokamak 60U {JT-60U)
and Fusion Experimental Reactor
(FER). The C/C composites show
high thermal conductivity and
excellent thermal shock resistance
compared with an isotropic graphite
1G-110. In the fusion reactor PFCs
are damaged under the fast neutron
irradiation condition. The neutron
energy is 14 MeV (D+T— “He(3.52MeV)
+ n{14.06MeV)). Recently some C/C
composite data for neutron
irradiation condition have been
reported. However, these data are
obtained under the thermal neutron
irradiation condition. Therefore a
simulation test was performed under
a high energy proton irradiation
condition.
Experiment
Four Kkinds
speclimens

(C/C) composites
plasma-facing
applications in

of C/C
(MFC-1,

composite
MCI-felt,

CX-2002U, PCC-28) were irradiated

by the 10 MeV protons at a current
of 500 nA at room temperature in a
vacuum. The specimens were
irradiated through a wedge shown in
Fig.l. The mechanical properties of
these C/C composites are
summarized in  Table 1. The
E-DEP-lex code' was employed to
estimate the Iirradiation damage.
The maximum estimated damage in
these specimens was about 3x10 dpa
at a depth of 380 x m from the
surface.

After the irradiation dynamic
hardness was measured usihg a
micro-indentation test machine with
a triangular pyramid indentor. The
indentation loads were bg and 1lg
for 50 g m and 10 x m indentation
intervals, respectively. The
dynamic hardness, DH, for this type
of indentor is defined as

DH=37.838Lmax/dmax” (1)
where, Lmax, dmax are maximum
indentation Ioad and indentation
depth, respectively.

Results and Discussion

It is said that slopes in Fig.2,
which are the coefficient B at
loading process and coefficient D
at unloading process, are
correlated to tensile strength, o «,
and Young's modulus, E, as
follows™ =

[4) :=k1B

E=kaD b

Hence, the coefficient B and D
are determined applying the least
square method to the experimental

data on these C/C composite
materials which are shown in Fig.3.
Consequently, the following

correlations are obtained:

B=-0.0241+0.0217DH L(3)

D= 1.228+0,0781DH

From Eq.{2) and (3), We can
estimate, therefore, the relative
tensile strength and Young's
modulus from the measured dynamic
hardness. The change of dynamic
hardness as a function of the
distance from the surface is shown
in Fig.4. We can see a damage peak
at about 530 m from the surface;
this damage peak depth is almost in
good accordance with the one
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E-DEP-lex Now proton irradiations with

calculated wusing the
different fluences are planned to

code.
From the measured dynamic clarify the irradiation fluence
hardness, ratios of tensile effect on the properties.

Reference
1)Manning,I. and Muller,G.P., Comp.

Phys.Commun.7,85(1974)
2)T.0ku et al., TANSGO,No.156,15(1993)

3)T.Suzuki,et al.,Seisan kenkyu
Vol.42,No.5(1990)

strength and Young's modulus at
the peak damage position to those
at undamaged position for these C/C
composites are estimated and listed
in Table 2. It is found that the
tensile strength is 1.3 to 1.9 times
and the Young's modulus is 1.1 to
1.5 times greater than those of
unirradiated ones at 3x10 “dpa.

Table 1 Mechanical properties of C/C composites.

MFC-1 MCI-felt |CX-2002U0 PCC-28

29.0 29.7 7.5

[

enslle(ﬁﬁg?ngthi 25.6

20.8 19.3 5.1 8.7

Young' Sl &%c}ulus »

sProperty for with fiber directlon

Table 2 Ratios of the value at the damage peak
to the mean value for C/C composites.

MFC-1 MCI-felt | CX-2002U PCC-25
Tensile strength 1.7 1.3 1.8 1.8
Young's medulus 1.3 1.1 1.5 1.4
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Defect Formation in Ceramics

Irradiated with High Energy ions.

Y. Aoki, S. Yamamoto, H. Takeshita, H. Naramoto, A. Osa*,
N. Shigeta*, M. Koizumi*, H. Matsuoka*, T. Sekine*

Department of Materials Development, JAERT. *Department of

Radioisotopes, JAERI

Ton irradiation introduces various kinds of
defects in materials and in many cases
clectrical and optical properties of
irradiated materials are dominated by the
defects produced. Thus, in order to
control electrical, electronical or optical
properties by means of ion irradiation,
precise and detailed knowledge is necesary
about the kind of ion-induced defects and
the efficiency of its formation. On the
other hand, observing changes in optical
properties in irradiated sample make the
energy loss process in materials by high
energy ions visualized.  Furthermore,
appearace of the overlapping effects can
be estimated from the results of the dose
dependence in such observation.

The depth profiles of damege in some
ion irradiated alkali halides have been
investigated by microscope-photometric
methods, microhardness etc. on LiF(1-3),
KCI® and NaF(®). The depth profiles of
anodic defects centers, F-centers for
lighter ion irradiation and Fj-centers for
heavy ion irradiation, have been found to
give good correspondence to the electronic
energy loss profiles for Lif. However, any
proof for overlaps of ion tracks has not
been found up to 10#4 ion/cm? In the case
of KCl irradiated with about 2 MeV
protons or He ion, F-center profile did not
follow the dE/dx.

In this paper, we have examined the
observation of defect profile in LiF and
attempted to expand this investigation to
ionic crystals of oxide ceramics MgO.

Absorbance

Samples were single crystals of
LiF(Harshaw Chemical Company) and
highly pure Mg0(99.9999%). LiF was
irradiated by v-ray to be hardened and it
was cleaved into pieces of appropriate size
(ca. 5Smm x 10mm), then thermal annealing
was done for preparing samples. Ion
irradiation wsa performed at LA-1 beam
port of AVF cyclotron in TIARA facility.
Samples were irradiated with 175 MeV
40Ar8+ under vacuum. The current and
diameter of ion beam were 40nA and
about lcm?, respectively. After irradiation,
samples were reserved in a refrigrator for
more than 4 weeks for cooling the
radioactivity. Photoabsorption of the
samples was measured in a selected small
aerea and as a function of depth by a
microscope photometer(MPMB800, Zeiss)
at room temperature.

400 500 600 700 800

Wavelength {nm}

300

Fig. 1 Optical Absorption spectrum of LiF irradiated
with 175 MeV “0Ar®* at the dose of 1 x 101
ions/cm?.

- 101 —
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Fig. 1 shows optical absorption
spectrum for LiF single crystal uradiated
with 175 MeV 40Ar8+ at the dose of 1 x
1013 jons/cm® Clear absorption peaks can
be observed around 260 nm and 450 nm.
These seem to be ascribed to anionic
vacancies, F-center and F,-center(I3). In
addition, small peak at 310 nm and
shoulders around 380 nm and 550 nm can
be seen, they seems to be due to two kinds
of Fs-centers and Fy-center(l-3).  Since
intense absorption of Fp-center and
absorption of higher aggregation states,
such as F;- and F4-centers, are observed,
high dense defects were produced by
irradiation of 175 MeV Ar ions and its
aggregation might proceed during
irradiation and in the period of cooling.

In Fig. 2, the depth profile of absorbance
measured at the wavelength of 450 nm is
shown. In this measurement, the
magnification of object lens was 40 and
area-defining diaphram located behind the
object lens was 0.1 mm in diameter, so that
the depth resolution of this measurement is
about 2.5pm.  Absorption intensity is
almost constant between the irradiarion
surface and the projected range of 175
MeV Ar ion (36um), and it decreases

1.2 F
450nm
0.8
0.4
0—=
o 40 80 120
Depth (um)

Fig. 2 The depth profile of absorbance measured at
450nm for LiF iradiated with 175 MeV CAr®"
at the dose of 1 x 10!'? ions/cm2.
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Fig. 3 The optical absorption spectra for LiF irradaiated
with 175 MeV 40Ar8+ at the dose of 1 x 1013
ions/cm? measured at the depths of 13um and
S5um.

slowly towards the deeper region. It
suggests a large contribution of secondary
enectrons to formation of defects in this
case.  Fig. 3 shows photoabsorption
spectra measured at the depths of 13um
and 55um are shown, which correspond to
the depths for the saturated region of Fj-
center absorption and for the deeper region
than the ion range, respectively. Within
the ion range(at 13 pm), not only F,-center
but F;- and F,-centers show significant
absorption intensities. On the other hand,
in the region over the ion range(at 55 um),
the intensity of F-center absorption is
much higher than the others. These results
show that, in this irradiation condition,
high dense electronic energy loss formed
various kinds of F-aggregate states in the
irradiation region and over the 1on range
F-center are dominantly formed by
secondary radiation. Furthermore, through
the irradiation region, F,-centers are
formed with constant cocentration but F;-
and F,-centers have some distributions.
MgO sample irradiated with 175 MeV Ar
at the dose of 5 x 1013 ions/cm? showed
weak absorption, so that we failed to
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measure depth profiles of any defect
absorption at this stage.

In the near future, we will investigate
the dose dependence of spectrum and
depth distributions for alkali halides and
oxide ceramics.
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Studies on Radiation Effects in Solids Using Low-

Temperature Electron Irradiation Facility

A. Iwase, M. Watanabe, N. Ishikawa and T. Iwata

Group for Low-Temperature Irradiation Effects
Advanced Science Research Center JAERI

Electron irradiation can produce iso-
lated Frenkel defects (vacancy and
interstitial) homogeneously in bulk
specimens and is indispensable for the
research in radiation effects. As Frenkel
defects are thermally unstable in most of
solids, irradiation must be performed
below 4.2K to freeze a thermal motion
of defects.

In March 1994, we assembled a low-
temperature electron irradiation facility
at SX beam line of a single-end acceler-
ator and started a low-temperature elec-
tron irradiation in July. This facility
(Fig.1) is designed for 0.4-3MeV elec-
tron irradiation below 4.2K. It consists
of efficient electron beam guide system

and two cryostats for calorimetric meas-
urements and for measurements of elec-
trical properties. Change in physical
properties (specific heat, release of
stored energy, electrical resistivity and
so on) by electron irradiation can be
measured in situ without warm up
specimens.

The present research themes are as
follows; (1) selective displacement and
flux pinning in electron-irradiated high-
Tc superconductors, (2) resonance
mode caused by irradiation-produced
interstitials in copper and graphite and
(3) behavior of interstitials below 4K in
electron-irradiated BCC metals.
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Fig.1 Low-temperature electron irradiation facility at SX line ofa

single-end accelerator.
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5.6

Development of Triple Ton Beam Irradiation Facility

S. Hamada, Y. Miwa, Y. Katano, T. Nakazawa, K. Noda

Materials for a fusion reactor, which include
structural materials, solid tritium breeder materials and
ceramics materials as insulators, will be exposured
under too.severe irradiation circumstance of heavy
displacement damage and a great deal of helium and
hydrogen atoms including tritium, which produce by
transmutation reaction of (n,e¢ } and (n, p),
respectively. In order to develop materials for a
fusion reactor, it is important to study the overlapped

effects of both these displacement damage and

transmutation reaction gas products as helium and
hydrogen on properties and degradation of durability of
fusion materials. Therefore, to simulate the
irradiation circumstance of a fusion reactor, triple ion
beam irradiation facility (1.2}, which can
simultaneously irradiate three species of ions on a
target, has been developed and completed. The
abstract and status of this facility are reported below.

This facility was installed in the second target
room of the multiple beam building in Takasaki site
of JAERI at the end of January in 1994 and beam
alignment tests have been performed. Fig.1l shows
the appearance of the triple ion beam irradiation
facility. This facility mainly consists of two
components : one is a chamber for irradiation
experiments and another is incident ports to induce
ion beams from accelerators. The incident ports have
three beamlines : One is used to lead heavy ions such
as nickel and oxygen to provide displacement damages
to materials. other two lines are to do light ions as
hydrogen and helium to inject into materials. The
beamline for heavy ions connects with a 3-MV
tandem accelerator, those for hydrogen and helium
jons with a 0.4-MV ion implanter and a 3-MV
single-ended accelerator, respectively. Fig. 2 showsa
two dimensional plan view of the chamber and the
beamlines in fig.1. The beamline from the ion
implanter is essentially normal to the actual target,
whereas the beamlines from the remaining accelerators
are about 15° on each side of the 0.4-MV ion
implanter. These beamlines are almost same level
from the floor.

The chamber is manufactured by 304 stainless
steel. The dimensions are about 50 cm in diameter
and 60cm in height. the vacuum of the chamber was

below 2 x 10-8 torr without heating and below 1 x 10
-7 torr during heating of 500°C.

In the chamber, a sample stage to irradiate and
degraders to inject light ions relatively uniformly in
the depth direction of materials are set up. There are
two kinds sample stages ; one is a cold stage available
to irradiation in the temperature range from liquid
nitrogen temperature to 400 °C, another is a hot one
for high temperature irradiation, which is available
from room temperature to 1200C. Each sample
stage has three sample holders and three micro faraday
cups in a row in vertical direction. Fig.3 shows the
hot stage. All sample holders are normal to the
beamline of the ion implanter. Each sample holder is
capable of loading either seven specimens {3mm in
diameter) at maximum for a transmission electron
microscope (TEM) or one specimen (10 mm in
diameter) at one time by replacing the cover of a
sample holder. Each micro Faraday cup is essentially
normal to each beamline and the position and the
diameter of each hole on it corresponds to those of
each specimen of a sample holder, by which the bearn
current of each beamline is measured. A sampie stage
is capable of shifting in the vertical direction to
irradiate materials and measure beam currents.
Therefore, the beam current can not be estimate during
beam irradiation. The irradiation is available in the
area 15 mm x 15 mm at minimum using scanners,
which are described below. Each degrader is located
on the beamline of the ion implanter and the
single-ended machine, and at the position of about 20
cm toward each accelerator apart from the target. The
nickel foils is supplied to the degraders and its
thickness is 1 2 m and 4 » m for each beamline of the
ion implanter and the single-ended accelerator,
respectively. The dimension of a nickel foil is 68 mm
x 50 mm. The degrader can be anticlockwise rotated
to the angle of 45° from the plane normal to the
beamline.

In order to obtain more uniform and wider
irradiation area, scanners available to the horizontal
(X) and vertical (Y) direction are installed to all
beamlines and its polarized wave is triangle. The
frequency of a scanner is changeable in three stages :
the stages in the X and Y direction are 10kHz, 1kHz
and 100Hz, and 1kHz, 100Hz and 10Hz, respectively.
Furthermore, the scanner also possesses the function
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maximum in the X and Y direction.

This _facility, furthermore, is designed to be able to
carry out ion beam analysis in the beamlines of the
tandemn and the single-ended accelerator. A sample
stage attached with a six axes goniometer has already
been prepared and some additional apparatuses such as
detectors and amplifiers will be installed for ion beam
analysis in the near future. A high-resolution
quadrupole mass analyzer is also attached to the
chamber, which can analyze the mass of He-3 and He-
4. Most of performance as described above can be
remote-controlled in the control room for electrostatic
accelerators.

The results achieved during beam alignment tests
at the end of 1993 fiscal year were as follows :
(1) All ion beams from three were focussed on the
same position on a target.

) S i

(2)The irradiation temperature was controlled in the
temperature range from room temperature to §00°C
and the accuracy of temperature was +2°C at 800°C.
(3)The scanners and the degraders worked as designed.
(4YEach micro Faraday cup was able to measure ion
beam current and the beam profile on a sample holder
was confirmed to be relatively uniform.

Resultantly, triple ion beam experiments can be
carried out at high temperature in the present time.
The irradiation experiments under lower temperature
and ion beam analysis will be completed in the near
future.
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Fig. 1 The appearance of the triple ion beam irradiatin facility
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Fig.2 A two dimentional plane view of the chamber and beamlines in fig. 1

Fig.3 The sample stage for high temperatare irradiation (a)The left three boxes
with rectangular shape are micro Faraday cups (b) The right three cylin-
ders are sample holders. The third one is for TEM samples and the second
is for a sample of 10 ¢ in diameter from the right.
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5.7 A Study of Cascade Damage Analysis Method based on
PKA Energy Spectrum
Jun Saeki,Seiji Okada,Naoto Sekimura and Shiori Isino
Faculty of Enigneering, Univ. of Tokyo
Abstract

Self-ion irradiation was performed to

investigate PKA energy dependence of
defect cluster formation and cascade
damage structure. Thin foils of gold
were irradiated at room temperature
using the 3 MV tandem accelerator in
TIARA facilities. Groups of defect
clusters, i.e., subcascade structure
produced by high energy PKAs, are
observed by a 200kV transmission
electron microscope (TEM). Since
self-interstitial atoms in gold have
high probability to escape to the foil
surface, all the observed clusters were
considered to be of vacancy type. The
number density and size distribution
of the clusters and number of defect
clusters in a group are measured.
PKA energy dependence of energetic
effect that was caused by cascade is
also estimated.

Introduction

The structure of cascade damage in
metals produced by high energy
particles is dependent on energy of
PKAs (Primary Knock-on Atoms). To
establish correlations between various
irradiation data, microstructural
changes in irradiated materials should
be analyzed based on the PKA energy
spectrum. In the case of gold that was
irradiated by energetic neutron using
RTNS-II or YAYOI reactor, the
fluence dependence of cluster number
density varies from linear relation to
almost the square relation with
increase of fluence. The reason for
this is considered to be attributed to

the conversion of the TEM-invisible
clusters to visible ones by the
energetic influence from nearby
cascades. '

In the present study, thin foils of gold
were irradeated with high energy self-
ions to examine PKA energy spectrum
dependence of defect cluster
formation and the conversion of
invisible clusters to visible ones.

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 Iirradiated with
21MeV self-ions at room temperature.
Ion fluence is ranging from 5x1013 to
5x1014 jons/m2.

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

Result and discussion -

The fluence dependence of defect
cluster number density is shown in
Figl. Though the defect density
increases in propotion to fluence (¢t)
up to 5x1014 ions m-2, for the higher
fluence it increase with (¢t)" where
n>1. At the fluence where the number
density was deviated from the
linearity, the density and group
density of defect clusters are
1.96x1021 m-3 and 1.13x1021 m-3,
respectively . Assuming that defect
cluster groups are formed uniformly
in the matrix, the average distance
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151 between the groups is evaluated to
be about 55nm. In the other hand,
those, i.e., Ly and L14 are 57 and 90
am for YAYOI reactor and RTNS-II
irradiation, respectively.

It is considered to be reasonable that
the influence of cascade to the
conversion of invisible clusters to
visible ones is larger for higher PKA
energy , because larger energy is
dispersed from the cascades with a
higher PKA energy through the
matrix. If we assume the following
two points:

(1) The volume affected by cascade
formation is propotional to
Lindhard's damage energy.
(2) Only when the PKA energy is
greater than Eim , the PKA event
converts invisible clusters into visible
ones.

The value of <E> is defined as
follows.

EmaX
<E> = [ TEDE)WENE dE

Eim

where W(Ep) is the PKA energy
spectrum, N 1s atom number denstty
of gold ,and Ep is the damage energy
. <By>, <E21> and <E14> can be
defined under the above irradiation
cases (YAYOI, Tandem and RTNS-II,
respectively). <E> represents the
averaged damage energy
corresponding to each irradiation
case. then the following equation
should be satisfied.

Energy Spectrum by Higy Energy
Particle Irraddiation, M.thesis of
Engineering, Univ. of Tokyo (in
Japanese).

1023 .

b
o
T

Density (m 3

Group Density

1021 13

10 14

10

1d°

lon Fluence (ions m'2)

Fig.1 lon fluence dependence of defect
cluster density in irradiated gold
to 5.0x 1015 jons m™~ at room

gmperature.
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From this equation , the energy Eim
is successfully evaluated to be 165
keV.

Pablications
1) Okada,A study of Cascade Damage
Analysis Method based on PKA
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Fig.2 PKA energy spectrum
in each irradiation case.
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Aopiication of lon- or Electron-Beam Irradiation te Promote

Nitrogen Compound Layer Formation in Iron

T.0kada, M.Ikeyax. M.Nunogaki, S.Nishijima, H.Kohnox,
H.Takeshita##, Y.Aokis##, S.Yamamotoss and H.Naramotos

ISIR, Osaka University

+ Faculty of Science, Osaka University

£+ Takasakl Establishment, JAERI

1. Introduction

For the purpose of decreasing the erosion of
plasma facing materials in the experimental fusien
devices due to high thermal shock and energetic
particle bombardment, a new process of surface
improvement composed with the preceding processing
such as an ion or electren beam irradiation and the
main processing such as surface nitridation or
coating of light-Z elements has been develeped by
anthors. In the process, the iom or electron bean
irradiation has worked positively or negatively on
the main processing relating to ionm species and beam
fluence.

In the experiment, the effects of 1MeV-Ki-ion
pre-irradiation on changes in hardness and thickness
of nitrogen compound layer In pure Iron were
examined in comparison with that of 20MeV-electron
beam pre-irradiation.

This experiment is a part of experiments fo
research the mechanism of the affects caused by the
preceding 1ion or electron beaw irradiation on the
main processing and to develop the new process for
surface  improvement  such  as nitridatien,
silicification, coating films, bonding of dissimilar
metals and so forth.

2. Experimental procedure

The experimental procedure was presented in
table 1. The experiment was consisfed of two
processes; the First was the irradiation with a MeV-
order ion or electron beam Irradiation, and the
second was the surface nitridation with use of
plasma processing. The specimens of pure Iren
(39.99%, purity) were 10x10 mm® in area and 2 mm in
thickness. The surface was polished mechanically to
optical quality, and the specimens were annealed in
vacuum for 2hrs at 500C.The ion irradiaticn was per-
formed at ambient temperature using a tandem accel-
erator Installed in Takasaki establishment,JAERI.The
pean projectile of Injected ions was estimated to be

Table 1

0.33um by calculation. The irradiated samples were
deposited in air for weeks. The 20MeV-electron beam
irradiation was wmade to the specimens cooled with
pure water in air.

Nitridation was carried out in the plasma
mixture of nitrogen and hydrogen by applying the
negative bias of 1kV to samples against plasma,

Hardness was detected with Vicker's hardness
tester. The modified surface was analyzed with
IRD{X-Ray Diffraction), EPMA(Electron Plhoton Mass
Spectroscony) and AES(Auger Electron Spectroscopy).
The effects of electron beam irradiation were
checked with use of PAS(energy-spread Positron
Annihilation  Spectroscopy}. The  experimental
conditions were tabulated in table 2.

3. Results and Discussion
3.1. Hardness and Thickness

The relative hardnesses plotted in Fig. 1 and 2
were expressed as the raties of the nlfrided
havdness with or without beam Irradiaticn o the
hardness of raw iron. The sharp rise and fall of
curve  coresponded well to the phase change in e-
phase, r'-phase and pure iron, which were identified
from the data of component analysis described later
and the phase diagram. *

Figure 1 showed the hardnesses
nitrided for 1 honr after 1 MeV-Ni-Ionm pre-
irradiation at a flnence range of 5x10'°to 5x10'¢cn”
Hardness and thickness ( a sum of e-phase Fe,_, and
r'-phase Fey N layer) vaFéed with fluence and had
the optimum valne at 2xi0 ¢iZ The increasing ratios
of the maximup hardness and thickness were about 1.3
and 1.7 ,respectively. These fluence effcts may tbe
caused by some changes in the surface state such as
formation of lattice defects, amorphousation and the
resultant variation of potential distributicn. When
the mechanise of enlancement of nitrogen adhesion
due to the pre-irradiation was made clear by piling
up the data of the correlations among ion species,

relative

Experimental procedure

Sample Preparative processing Main processing Measurement
L {MeV —Ni*ion irrad Hardness
Polishing o
] — or — ( Nitriding ) — XRD
Annealing o
20 MeV — &7 irmrad AES, EPMA
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Table 2
Expenmental conditions

Plasma source nilriding

Annealing Preparative irradiation
Temp. Time Temp.  Panicle  Fluence  Energy Gas N:H Temp. Time
KON species  (cm)  (MeV) (Pa) W
R, NiT o 1x10t® 1 02 52 40 L 4
10- . »
500 2 Waler T. e xiely 20 * '
fluence and materials, the new type of surface siiown  In the curve  (b) was dacreased to
orocessing will be developed reasonably for direct about one half to the curve (a). This decreased

surface improvement, coating films, bending of

dissimilar metals and so on. .
The relative hardness distributions with 20Mev-

electron pre~irradiation were represented in Fig.2.
The rveal and dotted lines showed hardness changes
with and without the pre-irradiation, respectively.
The nitriding time for the curves (a) and (b) were 1
and 4 hrs, respectively. The fluence of electron
beam was approximately 1x10"%ew™. In the figure,
the increasing ratio of thicknesses of Dboth the
compound  layers were about 1.2 by the pre-
irradiation. Hardnesses at the outermest surfaces
were not decreased like as ones with the lon pre-
irradiation in Fig. 1. This difference was
explainable from the nitrogen concentration at the
onternost surface as shown in Fig.4 & 95, since e-
phase layer was formed under the conditions of
abandant concentration of nitrogen and its hardness
was lower than r'-layer.

3.2, Abundance ratio of nitrogen

The surfaces of nitrided specimens  were

analyzed with XRD, EPMA and AES. The typical X-ray
diffraction pattern of the specimen nitrided after
tie pre-irradiation was shown in  Fig.3. It
indicated that tie nitrided layers in pure iron were
the mixture of the solid sclution compesed of Fe,
K, Fe,.;Mb.c.c.) and Fe g Nf(f.c.c.). In the
ontermost surface, O and C were sometimes contained.

The specimen nitrided after 1MeV-¥i-iom pre~
irradiation was analyzed with EPMA as in Fig.4. In
the figure, the relative nitrogen comcentration was
extrenely high at the cutermost surface over gbout
sum. The specimens nitrided without amy pre-
irradiation as shown in the curve (a) in Fig.5 also
had the higher nitrogen comcentration at the
surface. FHowever, its thickness and volume was
small. The formation of this intense and thick
nitrogen concentration layer appeared to be one of
the distinctive features induced by the 1MeV-Ni-ion
pre-irradiatien.

Figure 5 shows the cross-sectional nitrogen
concentration profiles in the surfaces nitrided
without (a) and with {b) 20MeV-electron beam pre-
irradiation. The average nitrogen  concentration

nitrogen concentration was brought adout by an
increase of nitrogen diffusion lemgth due to the
irradiation-induced lattice defects and was still
enough te form r'-phase layer.

The decrease of the abundance ratie of nitrogen
at the outermost surface in the curve (b) suggested
that e-phase layer was hardly composed with 20MeV-
electron beam pre-irradiation, in spite of that a
cosidarably thick e-phase layer was always produced
in the case of nitriding irem with ion- or gas-soft-
nitridation used commonly. This means that the MeV-
order electron beam pre-irradiation was advantageous
to form thick r'-layer, which was superior to
toughness and had varicus advantages for Che
industrial use, directly on the surface of iron.

For ¢the purpose to understand the reasen why
90MeV-electron  irradiation was effective  on
increasing the thickness of nitrogen compound layer,
the positron annihilaticn method was utilized te
obtain some informations of lattice defects in the
specinens before and after nitridation. The 1ife
time spectra  were decomposed  Into three
components;:the matrix component{ ¢, 11), vacancy
component { T 2, 1) and another larger one( s, I2),
where T axd I were lifetime and the relative
intensity, respectively. However, the last —one
were neglected here due to the low time resolution
of the electrical circuits used. The obtained
results were shown in Fig. 6. From the figure, it
was ascertained that the amnealing was surely
effective to reduce the size and corcentration of
defects, and that the vacancy-type defects and
clusters creatad by the pre-irradiation were
disappeared by nitridation to the level of annezled
state, and that the interstitial-type atomic
clusters and the grain boundaries were increased by
nitridaticn.

4, Conclusion

Hardness and thickness of nitrogen compound layer
in pure iron was varied with the fluence of 1MeV-Ni-
ion irradiation. Implanted Ni-ions worked &o enhance
the adhesion of N-atems through the plasma-solid
interface to the surface of iron. Further investige-
tion is required to clarify the mechanrisn.
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5.9

Luminescent properties of Cr doped Al2O3

under [on Bombardment

Yasushi Aoki, Nguyen. T. My, Hidefumi Takeshita,
Shunya Yamamoto, Peter Goppelt-Langer
and Hiroshi Naramoto

Functional Materials Lab. II, Department of Matenals
Development, TRCRE, JAERI

Cr doped poly-crystalline ALO; (
Al,O5:Cr ) is a luminescent materials
which is often used for beam positioning,
beam focusing and defocusing etc. in
accelerators facilities like TIARA facility,
because it emits intense red light on being
exposed to radiation. However, the
intensity depends strongly on the
irradiation parameters such as kind of ion
beam, energy of the ion and irradiation
dose. Especially, the dose dependence is
important for practical use of this
materials. We have just started to study
the luminescent properties of AlLO5:Cr
under ion bombardment on basis of the
correlation with changes in surface states.

Cr doped single-crystalline a-Al,O;
(Ruby) has been examined about its
absorption and emission of R-lines(!), and
laser and maser actions(?-3). In the present
study, luminescence from doped Cr3* in
poly-crystalline Al,O; was mesured during
ion bombardment of 200 keV Ar™ and He*
101ms.

Samples used here were a commercial
sintered Al,O; doped with Cr (AF995F,
Demarquest) and a single crystal of
AlL,O5:Cr. Ion irradiation was performed
with a 200 keV ion implanter (Takasaki
lon Beam Implanter). Samples were
irradiated with 200 keV Ar™ and He* and
luminescence spectra of the samples were
maesured by a combination of a
spectrograph (HR250, Jobin-Yvon) and an
optical multichannel Detector (MHD-42,

Atago-Bussan). Measured spectral range
was limited between 630nm and 830nm.
Complementary data were obtained with a
fluorometer (F-4500, Hitachi), for exmple
cooresponding  luminescence  spectra
induced by light excitation and excitation
spectra for irradiated and unirradiated
samples.  In addition, RBS-Chaneling
analysis was also done for single crystal
samples.

Fig. 1 shows a typical luminescence
spectrum of sintered AlO;:Cr sample
measured during 200 keV Ar® bombard-
ment. An intense luminescence peak is
observed at 695 nm. This peak is similar
to taht observed from single crystal sample
(Ruby) excited with a tungsten lamp(l).
Furthermore, the same luminescence peak
was observed from the poly-crystalline
samples in our photoexcitation experiment
and the excitation spectra reflected the
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Fig. 1 The luminescence spectra of sintered AlO;:Cr
during 200 keV Ar" Bombardment.
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Fig. 2 The change in intensity of R-fine from Cr?* observed in ion bombardment. (a) 200 keV He", (b) 200 keV Ar".

electronic energy levels of Cr3*(12). The
lifetime  of this luminescence was
measured about 3.4 msec which agrees
with that measured for 2E levels of Ruby at
room temperature(l).  Therefore, it is
concluded that the luminescnece observed
at 695 nm for the ion bombarded poly-
crystalline Al,O5:Cr should be due to the
electronic transition from ZE states. (first
excied states) to 4A states (ground states)
oi the doped Cr37, so-called R-line.

Fig 2(a) and (b) show the dose
dependences of intensity of 695 nm
luminescence in lon  bombardment
experiments with 200 keV He* and Ar®,
respectively. Although much more intense
luminescence can be obtained in He ion
bombardment than that in Ar ion
bombardment, in both cases luminescence
yield of R-line decraeses with irradiation
dose and the dgree of decrease i1s more
than one and half order of magnitude.
This phenomenum 1is important for the
practical use of the material as a
luminescent material in beam experiments.

The shift of luminescence spectra was
observed in  continuous  irradiation
experiment and in the experiments with
different current densities, as seen in Fig.

3. The higher dose was urradiated or the
higher current density was used, the lower
enegy of luminescence was obtained. It
indicates that the uradiated sample was
heated by energetic ions. When sample 1s
heated, the peak position moves to longer
wavelength and at the same time the
intensity is decreased(l). However, only
this temperature dependence cannot
explaine the decrease in intensity observed
in Fig. 2. It suggests that other mechanism
should work for the decrease in intensity
of R-line in ion bombardment experiment.
In the experiments for single crystalline
samples, faster decrease of the intensity
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Fig. 3 The luminescence spectra of Cr*" (R-line)
during 200keV He" bombardment.
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with dose than taht for polycrystal was
observed, but the tendency of the results
was the same as described above for poly-
crystals. In RBS-Channeling analysis, the
damage created in the sample evolved with
the irradiation dose up to 2 x 1016
tons/cm? It can be related to the decrease
of luminescence yield. Further
investigation is needed to clanfy the
degradation mechanism of luminescent
efficiency of Al,O5:Cr and the excitation
mechanism for luminescence of doped
impurities under ion irradiation.
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Formation of Silicide Film by means of Ion-Mixing

S. QHNUKT, l. HATAKEVYAMA g. TAKAHASHI,
5. YAMAMOTO , H. TAKESHITA , H. NARAMOTO
Faculty of Engineering, Hokkaido University

*Takasaki Institute,

Ion-mixing can modify the material
properties through two processes,;
one is production of large amount
of point defects, which enhances
lattice diffusion, and the other is
the direct atomistic collision,
which causes atom movement even- at
low temperature. For the formation
of silicides during fabricating
LSI, heat-treatment at relatively
high temperature has been needed.
Therefore, ion—mixing has currently
application as a method of silicide
formation at low temperature. The
objectives of this study are to
clarify the condition of silicide
formation by means of ilon-mixing,
to identify microstructures of
formed phases and to evaluate

diffusion constant during
irradiation.

5i wafer with (100) was used for
experiment, after Mo vapor

deposition with thickness of 600 A.
Irradiation with Ar ion of 180 keV
was carried out in 300 LV
accelerator of Hokkaido University,
at where the temperature were -100
- 30% C, and iffadiation dosei_were
1x10 - 1x10 ion/cm®. Si  ion
irradiation of 1000 keV was carried
out in TIARA at only ambient
temperature. After irradiation,
specimens for transmission electron
microscopy {(TEM) were prepared by
the cross-cut method, which means
the observed direction was <110>,
perpendicular to irradiation beams.
Depth distribution of concentration
of Mo and Si was determined by
using a energy dispersive X-ray
spectroscopy (EDS) equipped with
200 kV TEM.

JAERT

Azi ion Irradiation

in Hokkaido university
Crossectional TEM observation and

electron diffraction were carried

out the specimen after the

irradiation of 180 keV Ar’ ion. 84
lower Iirradiation dose, 1x10
/em”, the irradiation affected to
the thickness of 200 nm of Si
substrate, and the middle of the
laver tfurned to amorphous.
Crystalline Mo remained, and a
layer between Mo and amorphous Si
was confirmed as amorphous
stricture. With increasing of dose,
the amorphous of mixture of Mo and
Si was increased in thickness. This
means that ion-mixing process
occurred in this condition17ln tge
case of higher dose, 1x10 Jem®,
gas bubbles were observed at
amorphous layer.

Ar+ irradiation was chtinue to
higher doses of 1x101 /ecm® at
various temperature. At lower
temperature, -100C, almost all of
mixed layer was crystalline, and Mo
rich layer can be defined as a dark
contrast. After the irradiation at
100 C, crystalline MoSi2 was formed
between amorphous Mo/Si mixture and
amorphous S1i lavers. At 200 C, the
thickness of M0512 increased, and
amorphous S5i layer turned to
crystalline Si layer which included
large amount of irradiation-
produced damages. At higher.
temperature, 300C, only MoSiz and
damaged Si layers were observed.
This results indicate that by ion-
mixing method crystalline MoSiz can
be formed over 100 C, which
temperature 1s guite lower
comparing to thermal treatment. It
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can be suggested that the stability
of each amorphous layers is the
order of M0812 < Mo/Si mixture <
Si. It has been reported that
amorphous Si is stable under 240 C.
Figure 3 shows the concentration
profiles of Si iﬁ7specé ens
irradiated to 1x10 /cm at
various temperatures. At lower
temperatures, Si diffused to the
direction of the surface and formed
concentration gradient, though data
points have large scattering. At
higher temperatures, the gradient
of Si concentration became to flat,
which can be suggested to occur
more progressive diffusion..
sit ion Irradiation in TIARA
Crossectional TEM observation and
RBS measurement were carried out in
TIARA in which 1000 keV Si* and He
ions were used at room temperature
to different ion dosefg Atzlower
irradiation dose, 1x10 /cm®, the
irradiation affected tc the
thickness of 200 nm of Si
substrate, and Si layer until 1000
nm in thickness turned to be
amorphous. Crystalline Mo remained,
and a layer between Mo and
amorphous Si was confirmed as
amorphous stricture. With
increasing of dose, the amorphous
of mixture of Mo and 51 was
increased in thickness, which means
that ion-mixing process occurred
clearly in this condition. In the
case of higher dose, 5x1016 Jem”,
gas bubbles were not confirmed at
this irradiation condition. EDS
analysis also applied for these
specimens, and showed that Si
diffused to the direction of the
surface and formed concentration
gradient. At higher dose, the
gradient of Si concentration became
to flat, which showed that a enough
diffusion occurred at this
condition. Those profiles detected
from EDS consisted with the RBS
spectrum.
The data can be summarized as

follows: Jon beam mixing of 180 keV
ArT and 1000 keV Si' ion
irradiation were applied for the
formation of silicide of Mo/Si
system. The objective silicide
MoSiz was formed by the irradiation

relatively low temperatures, over
100 C. The estimation of diffusion
constant indicates that atomistic
collision and radiation enhanced
diffusion processes are predominate
in this phenomenon. The ion-mixing
is strongly dependent on ion
species, especially gaseous
elements has a possibility to
reduce the ampunt of ion-mixing
during gas bubble formation.
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Influences of Ion Implantation on the Structure

and Properties of C, Thin Films

T.Asakawa, M.Y oshimoto, M.Sasaki®, H.Koyama®, H.Takeshita®,
Y.Aoki¥, S.Yamamoto®, P.Gopperlt-Langer”, H.Naramoto®

and H.Koinuma

Res. Lab. of Eng. Mater., Tokyo Inst. of Tech.
YFaculty of Eng., Dept. of Commun., Tokai Univ.
YDept. of Mater. Develop., JAERI/Takasaki

LINTRODUCTION

C, is expected to have novel functional
properties based on its unique soccer ball
structures (dia. of 7A).  Superconductivity
was discovered in carner-doped C,, with
alkaline  metal, such as K,C, and
RbCs,Cy,"-

It has been reported that addition reactions
to C,, molecules occurred with such reagents
as hydrogen and fluorine in liquid or vapor
phase. For instance, C,, was converted to
CgHs, CeoFs and CH by Birch reduction®,
fluorination® and ionic reaction with CH,"
or CH.™, respectively.  Chemical
modification of Cg by ion implantation was
also attempted. [soda et al. reported that p/n
type control was achieved by P or B ion
implantation into Cg, thin films®. However,
there remains some ambiguity in this result
in view of plausible difficulty in substitutional
doping in m-conjugated compound. Here, we
have investigated the implantation of vanous
ions into C, thin films and the physical and
electrical properties of implanted films.

2. EXPERIMENTAL

Cy thin films were deposited at 120°C
on various substrates by the conventional
vacuum evaporation (5x10°Torr) of C
powders (purity>99.5%) from an alumina
crucible heated at 500°C and their films
thicknesses were between 100nm and 2um.
The substrates used were fused silica glass,

cleaved NaCl(100) and Si(111).

Ion implantation into the films was
performed with Ag, Mn and H ions at the
energies between 30 and 100keV. The ion
dose was varied from 10” to 10" ions/cm®
to examine the radiation and chemical effects.

Structures and optical properties of the
films were characterized by X-ray
diffractometry (XRD), Raman scattering
spectroscopy, and UV-visible (UV-VS)
absorption  spectroscopy. The film
component was analyzed by laser desorption
time-of-flight mass spectrometer (TOF-MS)
and a secondary ion mass spectrometer
(SIMS) using Cs* ion beam. Electric
conductivity was measured by a conventional
two probe method in the temperature range
between room temperature (20°C) and 150°C
under a vacuum (5x10°Torr) condition.

3. RESULTS AND DISCUSSION

The intensities of XRD peaks and UV-VS
absorptions of C, films decreased by the
100keV Ag and Mn-implantation (>10"
ions/cm?), indicating the formation of
amorphous phase in the film. Figure 1 shows
Raman scattering spectra of  the 1on-
implanted films. It is reinforced that Cg
molecules were decomposed and changed
into amorphous-like carbon by the ion
implantations. The conductivity at room
temperature of the Ag-implanted film
increased by about 11 orders of magnitude
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as compared with that of non-implanted C,
film.

Scattering Intensity- (arb. units)

1
§00 800 1000 1200 1400 1800

Wave Number (crn'l)

Fig.1. Ramann scattering spectra of the
100keV Ag or Mn-implanted films and the
non-implanted C,, film. The ion dose is 10"
ions/cm?.
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Fig.2. Temperature dependences of the
electric conductivity of the 100keV Ag-
implanted film. The ion dose is 10* ions/cm”

Secondary Ion Counts

Figure 2 shows a semiconductive behavior
in the Ag-implanted film with an activation
energy of 0.1eV. In the SIMS depth profile
of the Ag-implanted film, Ag atoms
distributed deeper than the boundary between
the film and the substrate (Fig.3). The 100keV
Mn-implanted C,, film gave the results very
close to those of the Ag-implanted films.

Substrate

1 —— L
2000 3000 4000 5000

Depth(A)

1
Q 1002

Fig.3. SIMS depth profile of the 100keV Ag-
implanted fim. The ion dose is 10 ions/cm”.

Then, H*-implantation was performed by
an acceleration energy of 30keV. The XRD,
UV-VS and Raman scattering spectra of films
implanted with less than 10 ions/cm” did
not change from those of the non-implanted
C,, films. Figure 4 shows TOF-MS spectra
of 10" H-ions/cm® implanted film. A drastic
change occurred in the peak profile; new
peaks appeared at 721, 730, 732 and 736m/z.
These peaks are assignable o CgH, CiHyp

CoH,, and CgH, respectively. The
implantation of more than 10 H-ions/cm?
decomposed the Cg molecules Into

amorphous-like carbon as well as the case of
Ag and Mn-implantations. H atoms were
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found from SIMS depth profile to be
distributed uniformly in the H-implanted
films. The presence of CH molecule attracts
our interest since it can be endohedral H@C
produced by the implantation of H* ion with
the diameter smaller than the inner size of a
benzene ring in the C, molecule.

T ! i

T
CgoH

Intensity (a.u.)

Mass (m/z)

Fig.4. TOF-MS spectrum of the 30keV H-
implanted film. The ion doses are 10" and
10" ions/cm?.

4.SUMMARY

100keV Ag or Mnimplantations increased
the conductivity C,, films remarkably, but
those  induced  simultaneously  the
decomposition of Cmolecules and changed
to amorphous-like carbon. In the TOF-MS
spectrum of film implanted with 10% H-
ions/cm® at 30keV, new peaks appeared at

mass numbers of 721, 730, 732 and 736m/z,
corresponding respectively to C,H, CH,,,
Ct,, and C H, . The location of H in C H
attracts our interest and i1s under further
investigation.
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