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pS3 Transcription Activity and Possible Bystander Effects

in Mouse Fibroblast Cells Irradiated by Heavy

Ion-microbeam

M. Saitou*, T. Sugihara*, K. Tanaka*, Y. Oghiso*, T. Funayama**,
S. Wada**, T. Sakashita** and Y. Kobayashi**
Department of Radiobiology, Institute for Environmental Sciences*

Department of lon-beam-applied Biology, JAERI**

1. Introduction

The  experiment  with microbeam
irradiation targeting individual cells will be
effects

induced by low dose rate radiation. Last

necessary to verify biological

year, we established irradiation procedures
of the microbeam and detection system for
transcription  activity in
cells. This

confluent cells were irradiated by either ion

p53  gene
mouse-cultured year, the
microbeam or broad ion beam, and the
transcription levels of p53 in irradiated
luciferase

cells were observed by the

detection system.

2. Experimental procedure
2.1 Cell line

A  mouse fibroblast cell line,
NIH3T3/pG13 Luc, was used for present
study. The transformant NIH3T3 cell has
luciferase gene-introduced plasmid DNA
(pG13 Luc), which is incorporated upstream
sequence for p53-binding
plasmid DNA can emit chemiluminescent
light
luciferase gene is expressed by transcription

after treatment of cell-lysis as

activity of p53 protein.

2.2 Microbeam irradiation of heavy ion
Microbeam or “broad-field” irradiation
was performed by using 260-MeV *°Ne’””
ion beam from TIARA AVF cyclotron. Cells
(0.24 ml, 1.2 x 10° cells/ml) were seeded

region. The

onto a narrow sample area (8 mm ¢ in
diameter in a center of specially made
35mm dish covered with a 7.5 pum-thick
replaceable Kapton polyimide film at the
bottom side, where a density of cells (2.3 x
10* cells/mm?) for 2 or 3 days with D-MEM
medium including 5% FBS until becoming
confluent cells before irradiation. Then,
cells were cultured and the D-MEM medium
solution was removed between confluent
cells and Kapton film just before start of
irradiation. In each of broad ion beam
irradiation, three samples were used. The
particle fluence was about one ion/(10 pm)?,
which is correspondent to the average
number for one ion per cell. In microbeam
irradiation, the exact number of one ion was
irradiated at each cross point of orthogonal
lattice in area of 3 x 3 mm square. Cells
(1.2 x 10° cells/ml in 0.24 ml) were seeded
in the same conditions as above mentioned.
The numbers of irradiation cross points
weresetupas 1x1=1,1x4=4,2x4=38,
3x4=12,and 4 x4 = 16 in an areca of 3
mm square with an interval of 1 mm. To
measure  p53  transcription  activity
depending on the density of irradiation
cross point (i.e. the number density of ion
perarea), I x 1 =1, 4x4=16, 8 x 8§ = 64,
11 x 11 = 121 and 16 x 16 = 256 on the
same area, where there was an interval of 1,
1, 0.429, 0.300 and 0.200 mm, respectively,
were set up. After irradiation, cells were
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incubated for 4h in D-MEM at 37°C. All of
the present experiment was performed
under the moisture condition become we
have confirmed that the humidity condition
did not related to the cell viability and p53
transcription activity.

2.3 Measurement of p53 transcription
activity

After 4h-incubation, cells were treated
by Passive Lysis buffer and the cell lysate
was poured into each well in a 96-well
white plate for fluorescent measurement
and then, pure water and luciferase-assay
added into
Chemiluminescence light from the sample

reagent Wwere ecach well.
was measured by plate-reader. An aliquot of
identical sample was used for quantification
of total protein. The cell lysate was poured
into each well in a 96-well transparent plate
and then, diluted protein assay dye reagent
was serially added into each well. The
absorbance of the sample was analyzed at
595 nm by another plate-reader. The p53
transcription activity was calculated by the
ratio of chemiluminescence intensity to the
protein absorbance, A595, of the cell lysate.

3. Results and Discussion

The p53 transcription activities in cells
irradiated by broad beam of 260-MeV Ne
ion (about 0.7 Gy) showed about 2-fold
1). The p53
transcription  activities in the cells
irradiated by microbeam of 260-MeV Ne
ion had a tendency of decrease with the

increase of control (Fig.

increase of irradiation points from 1 to 16
(Fig. 2). In the similar way, the p33
transcription activities also decreased with
the number of irradiation point per sample
lattice area (Fig. 3). The
irradiation point per area showed an inverse

increase of
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Fig. 1 p53 protein transcription activities
of cells irradiated by broad beam of Ne
ion under the moisture condition.
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Fig. 2 p53 protein transcription activities
of cells irradiated by microbeam of Ne
ion under the moisture condition. An
each abscissa shows the number of

irradiation point.

to p53 transcription activities (Fig. 3).
These
irradiation induced a reduction of the p33

results suggest that microbeam

transcription activities in irradiated cell

population, where - different mechanism

— 128 —



JAEA-Review 2005-001

seem to have in the case from those
obtained by irradiation with broad beam.
Irradiation of one ion seems to be 30-40%
reduction of p53 transcription activities
(Fig. 2). When the number of cells hit by
ions reaches to the level of about 1/10,000
in the total number of cells, the range of
secondary electrons in the penumbra around
one ion track becomes 3-16 um". Therefore,
the reduction can not be explained by the
effect of secondary electrons and it may be
induced by other mechanism, like bystander
effects, although the why p53 transcription
activity showed a reduction is not known. In
the opposite, broad beam irradiation caused
the increase of p53 transcription activity.
There results also indicate that a fluence
giving a minimum level of p53 transcription
activity may exist somewhere between the
fluence of 256 points (i.e. 256 ions) per area
in microbeam irradiation and that of one ion
per cell in broad beam irradiation.

This study was financially supported by
Aomori Prefecture, Japan.
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Fig. 3 p53 protein transcription activities
of cells irradiated by microbeam of Ne ion
under the moisture condition. An each
abscissa shows the number of irradiation
point per sample lattice area of 3 x 3 mm
square (i.e. the point density).
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2.34 Bystander Effects on Chromosomal Aberrations Induced by
Heavy Ion Beam Irradiation
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and K. Takakura*

Graduate School of Natural Science, International Christian University*
Department of lon-beam-applied Biology, JAERI**

1. Introduction

Genomic instability, mutation, cell death,
carcinogenesis, and DNA double strand breaks
have been considered as a result of radiation
exposure. However these responses were
observed in unirradiated cells located near by
irradiated cells or co-cultured in the same
medium" ? . These studies showed that direct
exposure of ionizing radiation is not
necessarily required to induce a cellular
response.  Although the mechanisms of
induction of these bystander effects are not
clearly understood, recent studies indicate that
bystander
gap-junction intercellular communication or by

effects are transmitted by
releasing of soluble factors into culture
medium.

DNA double strand break is one of the
most lethal damage to cells in several kind of
cellular responses caused by radiation
exposure and bystander effects® ». If DNA
double strand breaks remain unrepaired or are
misrepaired, further cellular aberrations such
instability,
mutation, and cell death could be occurred.

as, genomic carcinogenesis,
The bystander effect has not been considered
to play a role in an induction of DNA double
strand breaks, though earlier study clearly
indicated that exposure of radiation induces
DNA double strand breaks on the cells. In this
study, bystander effects on chromosomal
aberration induced by exposure to heavy ion
beams are studied. Chromosome aberrations of
human lymphoblast cells were observed after

irradiation of heavy ion beams on whole part
or limited part of cells in order to measure the
bystander effect quantitatively.

2. Experimental procedure
2.1 Cell Culture and Treatment

GM 14511, normal human lymphoblast cells
were purchased from CORIELL institute. Cells
were cultured in RPMI medium 1640
supplemented with 10% FBS and 100 unit/ml
penicillin and 100 pg/ml streptomycin.
Cultures were maintained at 37°C in an
atmosphere with 5% of CO,. 6 hours before
heavy ion irradiation, cells were attached onto
the bottom of cell culture dishes by using
Cell-tak adhesive (BD, UK).

2.2 Heavy Ion Irradiation

Just before heavy ion irradiation, medium in
dishes were removed and covered by kapton
sheet for keep moisture in dishes. 80% of cells
on the culture dishes were masked in order to
distinguish irradiated and unirradiated part of
cells. Using heavy ion accelerator at TIARA of
JAERI-Takasaki, the whole or 80% masked
cells were exposed to 5 Gy of Ne”* (LET = 430
keV/um) heavy ion beam. In this irradiation, it
was calculated that about 5-7 ions passed
through each single cell.

2.3 Premature Chromosome Condensation
Method

In order to observe the chromosomal
aberrations in irradiated cells, premature
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chromosome condensation method with
Calyculin A was used. After heavy ion
irradiation, cells were cultured in fresh culture
medium for 0, 2, 4, and12 hours. Then each
cultures were treated with 0.5ug/ml of
Calyculin A for 30min at 37°C. Cells were
harvested, treated with 2ml of 75mM KCI for
20 min at 37°C, and fixed with methanol-acetic
acid (3:1). Cell suspensions were dropped onto
slide glass and stained by Giemsa. 50 Cells on
each slide glass were microscopically observed
and chromosomal aberrations were counted.

3. Result and Discussion

Observation of chromosomes demonstrated
that number of cells with chromosomal
aberrations were larger than the number of
cells received radiation exposure in the case of
80% masking and those numbers increased
(Fig. 1). This result suggested that further
chromosomal aberrations among cells received
no direct exposure of heavy ion caused by
other than direct exposure of heavy ion causes.

The number of chromosomal aberrations per
single cells was widely distributed. Those
distributions of chromosomal aberrations
contain both caused by direct exposure and
bystander effect. Therefore, we divided cells
into two categories according to the
distribution. The percentage of cells with more
than 5 chromosomal aberrations did not change
even 12 hours after the irradiation (Fig. 2). On
the other hand, the percentage of cells with 5
or less chromosomal aberrations increased (Fig.
3). Generally, initial chromosomal damage of
irradiated cells should be decreased because of
DNA repair depending on incubation time after
irradiation. However, the result in this study
indicates that bystander effect might be a cause
of DNA double strand breaks increasing time

dependently.
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Fig. 3 The percentage of damaged cells with 5
or less chromosomal aberrations per single cell
to the whole cells (The ratio of cells).
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2.35
Irradiation

Induction of Tumor Suppressor pS3 by Heavy-ion Beam
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1. Introduction

The cancer therapy using heavy-ion beams is
getting to be active from recent ten years ago.
Some successful results are reported in cancer
therapy using heavy-ion beams in HIMAC or
GSI. The reasons why heavy-ion beams are
useful at cancer therapy are as follows. The
Bragg peak by heavy-ion radiations has
therapy,
because they focus and selectively attack tumor

beneficial applications to cancer
cells located in deep positions within the body.
The other advantage of the heavy-ion radiations
for cancer therapy is high RBE value on the
irradiated materials comparing to the X rays or y
rays irradiation therapy. The further researches
of basic and fundamental radiation effect on
biological systems are necessary to develop the
heavy ion beam radiation therapy further more.

It is well known that tumor suppressor protein
p53 is activated when the cells are irradiated
with some kind of radiations, such as X rays or y
rays. P53 is important protein at cell-cycle
control, apoptosis and maintenance of gene
stability. It promotes transcription of genes that
induces cell cycle arrest or apoptosis in response
to DNA damage or other stress.” p53 protein
acts as a check point in the G1-phase of the cell
cycle.” Tt is said that p53 gene is one of the
most frequently mutated gene in human cancer
in some literature.” In this study the observation
of p53 induction by irradiation with heavy ion
beams is aimed using U20S cells.

Though U20S cells, human osteosarcoma cells,
are cancer cells, they carry p53 protein normally.
Furthermore, U20S has 20-30 % of p53 in the
nucleus while 70-80 % of p53 can be found in
the cytoplasm. Therefore, when U20S cells are
irradiated, the increase of p53 concentration in
nucleus should be able to be observed as well as
the transfer of cytoplasmic p53 to the nucleus.

Recently protein CARF is identified as a
protein having relation to p53.? It is suggested
that the binding of CARF to p53 is necessary in
order to activate p53, thus the binding and
colocalization between CARF and p53 in
nucleus might be expected. In this study, the
interaction of p53 and CARF was also
investigated when the cells are irradiated with
heavy-ion beams.

2. Experimental procedure
2.1 Cell culture & Irradiation

U20S cells, bone cancer cells of human
cultured cells, were used as irradiated samples
throughout this study. One day before the
irradiation with heavy-ion beams cells were
trypsinized and plated into 3.5 cm dishes. Just
before the irradiation, the medium was removed
from the dishes and poly-imide sheets were
covered to protect the cells from drying up. The
cells were irradiated with 220 MeV *Ne”
beams at the beam line of TIARA
AVF-cyclotron accelerator (Takasaki). The
value of LET of the beam was 430 keV/um. As
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a reference experiment, the UV irradiation
experiment was done with a germicidal lamp
having wavelength of 253 nm. Irradiated
samples were kept in incubator for various hours
after irradiation and analyzed by some methods,
such as immunostainig, Western blotiing and
immunoprecipitation methods.

2.2 Immunostaining

For the analyses of immunostaining cells were
grown in glass coverslips placed in 3.5 cm
dishes. After various incubation times irradiated
cells on the coverslip were washed with cold
PBS and fixed with 4% formaldehyde for 10
min. at room temperature. Fixed cells were
washed with PBS and permeabilized with 0.2%
bovine serum albumin in PBS for 20 min. Cells
were then incubated in blocking buffer
containing the primary p53 antibody (Santa
Cruz, DO-1) and CARF antibody for 1 h and
washed extensively in PBS before incubation
with the appropriate fluorochrome conjugated
secondary antibody for a further 30 min.
Alexa-488 conjugated goat anti-rabbit and
Alexa-594
(Molecular Probes) were used as secondary
antibody. After six washes in PBS with 0.1%

Triton X-100, cells were overlaid with a

conjugated  goat  anti-mouse

coverslip with Fluoromount (Difco). The cells
were examined on a Zeiss microscope with
epifluorescence optics. The co-localization of
two proteins, p53 and CARF, was assessed by

combining two images using Fluoview software.

2.3 Western Blotting

The protein sample scparated on a
SDS-polyacrylamide gel was electroblotted onto
a nylon membrane (Millipore) using a semidry
transfer blotter (Biometra). Immunoassays were
performed with anti-p53 (Santa Cruz, DO-1) and
anti-CARF. The immunocomplexes formed

were visualized with horseradish

peroxidase-conjugated rabbit anti-mouse IgG
antibody (ECL kit, Amersham Biosciences).

2.4 Immunoprecipitation

Cell lysates were incubated at 4 °C for 1-2 h
with an antibody. Immunocomplexes were
separated by rotation with
Protein-A/G—Sepharose, and Western blotting.
The amount of p53 protein remaining in the
supernatant was visualized by Western blotting
with anti-p53 antibody.

3. Results and Discussion

As shown in Fig.1 the induction of p53 was
clearly observed in both cases of irradiation with
Ne-ion beams and ultra-violet light. The amount
of p53 induction was maximum at 24 hours after
irradiation. On the other hand, the induction of
protein CARF was not clear in the case of
irradiation with Ne-ion beams, while it was
clearly shown with ultra-violet light irradiation.
Furthermore, the agreement of the localization
of p53 and CARF was observed undoubtedly in
the case of irradiation with ultraviolet, though
the co-localization of these proteins was not
seen in the case of irradiation with Ne-ion
beams (Fig. 2). The analyses of p53 and CARF
by the method of Western blotting were
performed as shown in Fig. 3 and the results
showed the same tendency as the results from
immunostaining assay. From these results it is
suggested that in the
interaction of p53 to CARF exist between the
case of irradiation with Ne-ion beams and

some differences

ultra-violet light.

In this study, only the effects of 4 Gy
irradiation were examined. In future study, dose
dependence of p53 and CARF induction should
be examined further. The reference study using
X rays or y-rays should be tried also for these
analyses in order to know the characteristics of
irradiation effects by Ne-ion beams.
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The observations of immunostaining assay by
fluorescence microscope with 594 nm light source. Red
signal is fluorescence from p53 and green signal is
fluorescence from CARF.

Fig.1
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Immunostained cells with p53 antibody and CARF
antibody at 24 hours after the irradiations with UV and
Ne-ion beams. Merging of the images from pS3 and
CARF shows the co-localization of these proteins in
the case of UV irradiation, but does not show in the
case of irradiation with Ne-ion beams.

Fig.2
ot CARF
gy D33
. Actin
cont4 ohr
cont 1 3 6 hr
UV100J/m? Ne 4Gy

P53 and CARF in Western blotting assay at
various times after irradiation with UV and
Ne-ion beams. The induction of CARF
increases as increasing incubation time when
the cells are irradiated with UV light, but the
induction of CARF is little when the cells are
irradiated with Ne-ion beams.

Fig.3
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1. Introduction

DNA double-strand breaks (DSBs)
caused by ionizing radiation and some
chemical agents can induce great damage to
genetic material. All cells maintain repair
systems for such breaks and apoptosis to
eliminate cells that have failed to repair
DNA lesions, however, these activities are
fluctuated in a tissue specific and/or age
dependent manners. We have studied the
effects of
reproductive

radiation on meiosis and

development using and
experimental model organism, the nematode
Caenorhabditis adult
hermaphrodite, germ cells in tip of gonad

arm divide mitotically and thereafter enter

elegans. In the

meiotic prophase I, progressing from
zygotene to diakinesis stage in maturing
oocyte. DNA damage induced G1 arrest can
be monitored in the tip germ cells"?. In
addition, DNA damage induced apoptosis
can occur in the germ cells at meiotic
pachytene stage”. The linear array of
developmental phases of oogenesis makes
the hermaphrodite a convenient model
system to study these radiation effects.
Recently, considerable evidences of the
existence of a “bystander effect”, in which
cells having received no irradiation show
their

neighboring irradiated cells, have been

biological  consequences  from

accumulated in  mammalian  cultured

cells®*®. However, in other eukaryotic

cells and/or individuals a “bystander effect”
is little understood. We therefore study
whether or not a “bystander effect” exists in
germ cells of C. elegans using micro beam
irradiation system.

2. Experimental procedure
2.1 C. elegans strains

In this study, we used C. elegans N2
wild-type hermaphrodites and XR1 mutant
strain carrying an abl-1 (okl71) deletion
allele. The XR1 mutant hermaphrodites
become specifically hypersensitive to
radiation-induced apoptosis in the germ line

cells ©.

2.2 Irradiation of *C** ion particles

N2 wild-type L4 larvae were irradiated
with '2C>* ion particles (220MeV) by HY1
broad beam port at TIARA of JAERL
Thirty-six hours after irradiation, the
germ-cell proliferation was visualized with
(DAPI)

nuclear staining, and each dimension of

4’, 6-diamidino-2-phenylindole

anterior and posterior gonad was measured
with system (NIH
software). For micro beam irradiation, 12er

Image J imaging
ion particles by HZ1 micro beam port were
used with ¢$20um aperture. Young gravid
hermaphrodites were anesthetized with 5 to
10mM sodium azide in M9 buffer and were
held between Slide Seal for in situ PCR
(TaKaRa Co.) and slide grass (Thickness
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No. 1:70:12 = 0.17mm, Matsunami Co.).
After the irradiation, the hermaphrodites
were washed with M9 buffer and awakened
on NGM agar plate for 5 hr. Apoptosis in
monitored with DIC

germ cells  were

microscopy'” ©.

3. Results and Discussion

Irradiation of more than 60 Gy of '*C**
ion broad beams at L4 larvae stage arrested
germ cell proliferation (Fig. 1A a, b and
1B). The dimension of each  gonad
decreased by 60% of that of non-irradiated
control (Fig. 1B). When the tip of the gonad
arm was hit by 1500 particles of '*C* ion
with ¢$20pm aperture, whose levels was
nearly identical to 100 Gy irradiation, the
‘arrest of the germ cell proliferation was
caused in the irradiated side (Fig. 1A d and
1B). On the other hand, the significantly

arrest was not detected in the gonad of -

non-irradiated side. In addition, when either
middle region (pachytene nuclei) of the
gonad arm or the worm tail was hit by 1500
particles with ¢20pm aperture, the arrest
was not observed (Fig. 1A ¢ and 1B).

We further studied the effect of micro
beam irradiation on DNA damage induced
apoptosis in the meiotic pachytene nuclei
(Fig. 2A).
adult posterior gonad was hit by 1500

When the pachytene region of

particles of '>C** ion with $20pm aperture,
germ-cell apoptosis in wild-type worms
increased from 0.60.7 to 3.4=%1.5 (mean
*s.d.) 5 hr after irradiation (Fig. 2B). In
abl-1 deletion mutants, germ-cell apoptosis
increased from 2 £ 1.7 to 58 % 2.1.
Increments in wild-type and abl-1 adult
hermaphrodites were only observed in
irradiated side (posterior gonad), but not in
non irradiated side (anterior gonad) (Fig.

2B).

:
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Fig. 1 Arrest of germ cell proliferation
caused by irradiation of '*C** ion
particles. Thirty-six hr after irradiation,
the germ cell proliferation was visualized
with DAPI (A), and each dimension of
anterior and = posterior  gonad was
measured - (B).  Micro  beams were
irradiated onto worm tail (:tail), middle
gonad (:pachyt), and tip of posterior
gonad arm (:tip), respectively.

 When the worm tail was hit by 1500
particles, the germ-cell apoptosis did not
increase -in either posterior or anterior
gonad (Fig. 2B). By 100 Gy broad-beams
12c5+
erm-cell apoptosis increased equally in

irradiation - of ion particles, the
either posterior or anterior gonad.

These results indicate that DNA damage
induced G1 arrest and apoptosis specifically
caused in the micro-beam irradiated region,
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Fig. 2 Germ-cell époptosis caused by
irradiation of '?C*" ion particles. The cell
corpses  were observed with DIC
microscopy 5 hr after irradiation (A). The
number of cell corpses per distal gonad

arm was plotted (B).

but “bystander effects on these phenomena”
were not observed in the non-irradiated
neighboring region of individuals of the
nematode C. elegans. It has been reported
that both (NO)
transduction pathway with inducible NO

nitric - oxide signal
synthase is one of the radiation-induced
bystander responses’” . A possibility of no
“pystander effects” in C. elegans may be
due to absence of the NO
transduction system, since any orthologs of
iNOS gene could not be found in the

nematode genome. As other possibility, in

signal

general, germ line cells may be isolated and
protected from radiation-induced bystander
responses.
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Study on the Photoassimilates Transportation and Partitioning
under the CO, Enrichment '

S. Matsuhashi, S. Fujimaki, N. Kawachi, S. Ishii, N. Suzui and K. Sakamoto
Department of Ion-beam-applied Biology, JAERI

1. Introduction

The Positron Emitting Tracer Imaging System
(PETIS) is one of few tools today that can
present moving images of
transportation in an intact plant body. It collects
serial images of two-dimensional distribution of
positron-emitting radiotracer in a test plant
without contact'®. However, advantage of
PETIS is more than just capturing a movie for
qualitative understanding. Numerical data of
temporal and spatial distribution of the tracer are
sequentially obtained with PETIS.

In this study, we employed a new PETIS
apparafus with a larger field of view, 14 cm in
width and 21 c¢m in height. We focused on the
quantification of dynamics of photoassimilate
transportation through a stem from a leaf, and on
the demonstration of the change of the dynamics
when only the leaf was exposed to an elevated
concentration of carbon dioxide (CO,). At the
present time, such change of transportation
dynamics in a single plant can be pursued only
when a non-invasive imaging method and a
short-life tracer are applied together. Our method
passes this criterion because the half-life of the

positron-emitting radionuclide ''C is only 20

minutes, which is short enough for repetitive -

experiments in a single plant.

2. Experimental procedure
Plant material ,

Broad bean (Vicia faba L.) seeds were
germinated in water and sown on vermiculite.
They were grown for 25 days under atmospheric
air in an incubator with a cycle of 15 hours light
at 25 °C and 9 hours dark at 20 °C.

long-distance

Production of ''CO; tracer

""CO, was produced by bombarding pure
nitrogen gas with an energetic proton beam
delivered from a cyclotron®.

Settings of PETIS imaging ]

A test plant was placed on the middle of
opposing PETIS detectors in a chamber. The
largest expanded, fourth bifoliate leaf of the
plant was inserted into a “gas-cell”’, a clear
acrylic box. The light was conditioned to
approximately 500 pmol photon m? s at the
surface of the gas-cell.

Procedures of PETIS experiment

Room air was fed to the gas-cell. Soon after
the PETIS imaging was started, ''CO, was
introduced with room air to the gas-cell for five
minutes. Then the ''CO, was drained off and
substituted again with room air without the
radiotracer.

After the imaging finished, the air fed to the
gas-cell was changed to air containing 1000 Pa
of non-radioactive CO, gas. The enriched CO,
gas was fed only to the leaf in the gas-cell. This
condition was kept for five hours. The second
turn of imaging was conducted in the same
manner except that all the air fed to the gas-cell
contained 1000 Pa of non-radioactive CO; gas.
Preparation of time-series data

Regions of interests (ROIs) were set on the
obtained movie data and the time course of
radioactivity within each ROI was extracted
from the data.

Transfer function analysis

The following model was employed for

describing the transportation dynamics of

photoassimilates in this study:
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Cam)=a Cyin-1)+b Cy(n~-d),
where Cy(#) and Cy(n) mean the amounts of
photoassimilates, which had started out from the
fed leaf, in an upstream ROI and a downstream
ROI at the »n-th frame of PETIS imaging, and a,
b and d are parameters (0 <a <1,0<b<1,dis
positive integer).

We performed multiple regression analysis
with the least-squares method to estimate the
best fitting model for each experiment.

Two physical parameters, average transit time
t and leakage k, can be estimated from the model.
The average transit times and leakages in this
study were calculated as follows from the
obtained parameters:

t=T(d+(a/(1-0a)
and

k=1-b/(1~-a).

We defined the errors of the respective
calculated parameters as the shifts when the
values of corresponding parameter d vary within

arange of 1.

3. Results and Discussion :
Figure 1 shows an test plants and ifs PETIS

image under the condition with ambient CO;
concentration. It demonstrates - that Co, was
in the fed leaf and - the e

—photoassimilates were transported ~via the

assimilated

petiole and stem toward the roots. Similar
images were obtained with the other individual
and when the enriched CO; was fed (not shown).

The transfer function analysis was applied to
the time-activity curves extracted from all the
ROIs of the plants‘”. Average flow speeds of
tracer between neighboring ROIs were estimated
from calculated average transit times. Figure 2
shows the distribution of the transit speeds with
ambient and enriched CO;. It indicates that the
phloem flow got faster in farther internodes from
the fed leaf, and the flow speeds were higher
with enriched CO,.

 distribution

The leakage, k, would be interpreted as “net
phloem leakage” which represents unloading rate
from the phloem minus reloading rate into the
phloem, in terms of physiologys). Distribution
ratios, defined as portions deposited nto
respective internodes or intervals when a unit
(100 %) of tracer has been loaded into the first

upstream node ROI 1, were calculated from the

» leakages and are shown in Fig. 3. The respective

ratios of the three
internodes (ROI 1-3, 3-5 and 5-7) and the
distribution ratios separately estimated for the
total interval (ROI 1-7) are displayed together.
They show good consistency and confirm

upstream

reliability of our estimation. In the both
individuals, slight decrease of distribution ratios

= No. of ROI

Inter nods
4th nod

Inter nods

3id nod

Inter nods

2nd nod

== [nter nods

1st nod

Fig. 1 Regions of interests on the integrated
image of the flow of 11C-photoassimilates
monitored by PETIS under the ambient
CO, conditiomn.
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Fig. 2 Estimated average flow speeds between
neighboring ROIs.
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to the three internodes was induced when
~enriched CO, was fed. In other words, the
relative share of the internodes was decreased
and that of the lower part of the plant was
increased.

We deduce the physiological mechanism of
the results as follows. Enriched CO; increased

the speed and amount of photoassimilate export

from the fed leaf. In the other hand, limited sink .

capacity of the internodes resulted in decrease of
the relative share, that is, the distribution ratios.

Grimmer et. al. studied thoroughly about
effects of elevated CO, concentration on the
balance sheet of carbon import and export in
leaves of castor bean (Ricinus communis L.)
plants®. They reported that amount of carbon
exported from a leaf to phloem per unit time per
unit area of the leaf was the same during daytime
for plants grown at 350 pL L™ and 700 pL L™ of
CO,. It indicates the phloem-loading capacity of
the leaves was saturated under both conditions.
We do not think their results argue against ours
because the plant species were different and their
light condition was stronger (700-750 pmol
photon m™ s). In other words, it is suggested
that the phloem-loading capacity of the fed leaf
was not saturated yet under the ambient CO,
condition in our experiment.

The positron imaging method is based on
detecting of collinear gamma rays caused by a
positron-electron annihilation. However, an
emitted positron from radioisotope travels a
certain distance in / out of tissue before it
This

depends on the thickness of the tissue and biases

undergoes  annihilation. phenomenon
the quantification of the tracer amount. In this
study, ROI 1, 3, 5 and 7 were set onto nodes
with almost the same thickness. Therefore, we
think the bias was uniform and quantification of
the leakage was sufficiently reliable. On the
other hand, the result of mathemati/cal estimation

of average transit time is not affected by the

1008 = 7 @RolitoRO13
905 D ROI310RULS
B ROIStoROI7
0% - =
2 ush 4 rolitoRrOI7
.; 608 i
g s
R
%‘ sos B -l R - - B
208 -l - - - R
108
o . i
ambient COp eniched COp ambient CO2 enriched COy
Plant 1 Plant 2
Fig. 3 Estimated distribution ratios in

internodes expressed as percentages. Left
columns: Distribution ratios estimated for
the three respective internodes (ROIs 1-3,
3-5 and 5-7). Right columns: distribution
ratios estimated for the total interval (ROI
1-7). The black filled portions show the
residuals.

unequal tracer sensitivity”’. This feature is one of
the best merits of the transfer function analysis,
and it ensures validity of our estimation of the

.average transit times and the average flow

speeds between ROIs on nodes and internodes.
Here we demonstrated that the combination of
PETIS and quantitative modeling has great
advantages. The same region of the same
individual can be observed with PETIS again
and again after decay, and differences of
concentrations of fed RI or unequal tracer -
sensitivity can be cancelled by the modeling
analysis. These features enable quantitative
discussion of physiological changes in each

individual.
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Estimation of nitrate absorption and translocation in

NADH-NR deficient mutant Az12

N. Ohtake*, S. Ito*, A. Yamazaki*, R. Salwa*, T. Ohyama*, K. Sueyoshi*,
K. Sakamoto**, S. Fujimaki**, N. S. Ishioka**, S. Watanabe**,

Y. Kawachi**, N. Suzui**, S. Ishii** S. Matsuhashi**

Faculty of Agriculture, Niigata University*

Department of loh-Beam-Applied Biology, JAERI**

1. Introduction

The biochemical, genetic and
molecular characterization of higher plant
NRs has advanced a great deal in the past
decade, however barley is the only crop
species where all of these aspects of NR
have been characterized in detail. Barley
has two NR isozymes, one is the
NADH-specific NR (NADH-NR) and the
other is the NAD(P)H-bispecific NR
(NAD(P)H-NR). Both enzymes are
nitrate-inducible and expressed in the roots,
but only NADH-NR reaction in the
pathway of N assimilation. In whole plants,
NADH-NR is responsible for 80 to 90% of
the overall in vitro NR activity, while the
activity of NAD(P)H-NR accounts for the
remaining 10 to 20% (Warner and Huffaker
1989). .

NADH-NR deficient mutant Azl2
was selected from Steptoe by EMS
treatment. In the absence of nitrate, neither
NADH nor NADPH-dependent NR
activities were detected in root and leaf
extracts of either the wild type, Steptoe, or
the mutant, Az12. In NADH-NR deficient
mutant Az12, NAD(P)H-NR activity is
detected in leaves as well as in roots, while
only the NADH-NR is detected in Steptoe
leaves. It is deficient in NADH-NR in
leaves as well as roots.

'However, Az12 appears to be

sufficient to permit essentially normal

growth, under field
conditions and accumulation of the same
amount of biomass as in the case of the wild
type. This may be result from the remaining
NAD(P)H-NR permits normal growth
(Savidov et al., 1997; Oh et al., 1980).

To determine the effect of
NADH-specific NR deficiency on in vivo
nitrate absorption, transport from root to
shoot and accumulation, *N-labeled nitrate
that able to high-precision and highly
time-resolved measurements was supplied
to the root of Az12 and Steptoe then
monitoring by PETIS.

same as Steptoe,

2. Experiments
Radiotracer synthesis

The radiotracer "N (half-life = 9.96 min)
was produced in AVF cyclotron TIARA
(Takasaki lon accelerators for Advanced
radiation Application) at the Takasaki
Radiation Research
Establishment, Japan Energy
Research Institute by proton irradiation of

Chemistry
Atomic

water. This procedure produces mostly
NO; with high radiochemical purity. The
irradiated solutions were supplied in sealed
20 mL glass vials.

Feeding procedure

The seedlings were incubated with 2.3
mM KNOj, one seedling was selected and
transferred to a feeding container that
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Nitrate labeled with "N (a positron
emitter with a half-life of 10 min) was
produced from '°O(p, o)"*N reaction,
bombarding 6 ml of target water with 1 pA
of 20 MeV H' particles from the AVF
cyclotron of Takasaki Ion Accelerators for

o BNO, solution Advanced Radiation Application.
The solution of NO; was purified by
Az 12 Steptoe passing it through a cation exchange column
e and a basic alumina column as described
previously. The >N accumulation in shoots

Ph block

. gif;ﬁ was monitored using PETIS every minute
after the addition of >NO; to the medium

for 30 min .

phuens pubig

Low

Fig.1  Imaging of radioactivity in
barley shoot supplied with *NO; for 40
minutes
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Fig. 2 The count of radioactivity in
barley shoot supplied with *NOy
after 40 minutes.

contained 8 mL of pretreatment solution.
Subsequently, 100 pL of 2.3 mM KNO;™ and
2 mL of NO;s solution (113 MBq) were
immediately added.

Fig3  Imaging of radioactivity in
whole plants two barley genotupes using
Bioimaging Analyzer System (BAS).
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After the measurements by PETIS, barley
roots were rinsed three times, for 1 min in

three successive 100 mL of de-ionized water.

Then, plant roots were wiped with paper
towels to remove excess water. The
accumulation of °N in the whole plant was
visualized using Bioimaging Analyzer
System (BAS; BAS1500, FujiFilm, Tokyo,

Japan).

3. Results and Discussion

The imaging pictures  of BN
radioactivity were monitored after BNOy
was supplied to barley seedlings in the
medium in the presence of 23 mM

KNO;'(Fig. 1). PETIS images show high *N
absorption in Az12 than in Steptoe. Also the
radioactivity count for 40 min after the
addition of ®NOs” in the Az12 and Steptoe
was increased over time after a lag of
several minutes (Fig. 2).

The count of radioactivity of Azl2 shoots
was higher than that of Steptoe and BAS
images showed that BN-labeled was
stronger in the whole seedling of the Az12
than in Steptoe (Fig. 3). In conclusion, roots
are important and responsible for nitrate
uptake, reduction and accumulation
particularly in Az12 to sustain growth in a
similar pattern as Steptoe.
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2.39 1C Translocation under Salinity Condition
R. Suwa*, S. Fujimaki**, N. Kawachi**, K. Sakamoto**, S. Ishii**, N. Suzui**,
S. Matuhashi** and K. Fujita*.
Guladuate School of Biosphere Science Hiroshima University*
Department of Ion-beam-applied Biology, JAERI**
Introduction

Salinity stress affects assimilate partitioning
between source and sink organs, however its effect
on the supply of assimilates of source organs and
demand of sink organs are less understood.
Relationship between source and sink organs being
closely knitted, adverse effect of sub-optimal
condition on one organ is misinterpreted for the
other. Lack of knowledge on the regulation of
carbon  partitioning  negates  efforts  for
improvement of stress resistance. The objective of
this study was to reveal the effect of salinity to
translocation of photoassimilates by monitoring the
translocation of the radioisotope in the stem
segments adjacent to the basal and apical sides of
the petiole of the fed leaf. We examined alteration
of carbon partitioning in tomato plant
(Lycopersicon esculentum L. cv. Momotarou)
under saline (NaCl) environment using PETIS and

11CO2-

MATERIALS AND METHODS

Experimental plants were exposed to the control -
(0 mM NaCl) or salinity (150 mM NaCl) treatment.

The experiment was repeated twice. Both the
control and saline treated plants were fed with

''C0, according to time schedule given in Fig. 1.

"CO? was produced in the "N(p,o)''C reaction by
bombarding N, gas with a 20 MeV proton beam
from TIARA-AVF cyclotron using a beam current

of 2 puA for 2 min. Approximately 50 MBq of
"'CO, was produced. Each plant was fixed in the
middle between a pair of PETIS detectors. They
were kept in dark for 2 h before feeding. 'co,
was fed to the 5™ matured leaf for 2 min under a
light source of 150 pmol m™ s
from  ''C-labeled

continuously monitored by the PETIS for 2 h

v -Ray emitted

photoassimilates was

beginning at the start of feeding. The same plant
was subjected to ''CO, feeding and monitoring for
three times in a sequence. During the experiment
“COz, a
distribution of the 'C-labeled photoassimilates

using series of two-dimensional

(360 frames at twenty-second intervals) was
monitored by PETIS.

RESULTS AND DISCUSSION

C.labeled

photoassimilates at the 4 regions of interests (ROI)

The translocation of the

were analyzed, two each in the upper and lower
stem parts from the fed leaf petiole) in both control
(Fig.2).
Translocation of ''C into the apical and basal sides

of the fed leaf could be compared between control

and salinity treatment conditions

and saline-treated plants in a time course study.
The time activity curves at the ROIs in control and
NaCl plants were made. Fed ''C pass through a
ROI as a pulse shape and thereafter maintained.
The equation mentioned below was adopted for

measuring relative translocation rates (RSR) in the
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upper (RSR,;) and lower parts (RSRy,y) of the

stem in both control and saline treated plants.

A2x/ Alx
RSRupX = ssssssss=sss ;
A2,/ Aly
Adx / A3x
RSRiwx = ---========="
A41 /A3

(A is relative activity of v -Ray recorded at ROI)

Al, A2, A3 and A4 are relative activity of v -ray

monitored at ROI 1, 2, 3 and 4, respectively. Each
A value was mean of 20 frames, frame No.
321-340. This is because, after the pulse phase,
relative activity of y -ray was stable during this
time period. The subscripts (x and 1) indicate
feeding time. '

The equation was adopted by the assumption

described below.

(1) "C-labeled photoassimilates transfer through
the phloem in the ROI depict as a pulse form.

(2) Because high flow rate shortens the time to
pass the RO, the ratio of '1C- photoassimilates
unloading from phloem will decrease

compared with that of low flow rate.

(3) Because of unloading occurred at phloem,
relative v -ray activity at ROI in the lower part
stem decreases compared with upper part. This

together with (2) indicate that high flow late

maintain a higher ratio of Ajw/Ay, compared

with that of low flow rate.

Stable relative activity after pass the pulse from the
fed leaf indicate maintained unloaded "'C. The
measurement of translocation rates indicated no
significant discrimination in 'C movement to the
upper part of the stem during the imposition of
salinity, but the rate was significantly reduced in
the lower part of the stem (Fig 3). Therefore
affect

between source and sink organs in spite of less

salinity  stress assimilate partitioning
source affection by salinity. Because these e
tracer experiments were conducted under dark
condition  except for feeding to separate
transpiration factor. In addition, salinity did not
affect photosynthetic éctivity during 7h from the
initiation of salinity treatment (data mot shown).
The reduction in translocation towards the basal
side of the plant occurred before any significant
decrease of photosynthesis could be noticed in the
saline treated plants. A stimulus from the saline
treated root might be responsible for reduction of
carbon assimilates translocation from the leaf. In
concert with the reduction, stem shrinking
occurred under dark condition (data not shown).
Phloem shrinking was also expected under salinity
condition. These results suggest that direct effects
of saliﬁity toxicity initially occur on impairment of
phloem transport and consequential reduction of

photosynthesis is induced.
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Time course {rmin) 0 60

120 180 240

300 360 420 480 540 600 720

Dark (black) / light (white)
period

1
First feeding

1
Second feeding Third feeding

1: Treatment solutions were applied 16 min before each feeding. At the first feeding, the control treatment solution (0 mM NaCl) was applied to
both control and sait-treated plants. At the second and third feeding 150 mM NaCl was applied to salt-treated plants

2: Switch on the light (150 mol m” s') 5 min befare each feeding

3:stat''C feeding and PETIS monitoring. The ''C feeding and mornitoring lasted 2 min and 2 hours, respectively

4: Stop ''C feeding and and witch off the light

Flg: 1 Time schedule of experiment,

Sixty days old tomato plants were exposed to 0 or 150 mM NaCl mainly under dark condition. "'C was fed to 6th leaf and its traniocation was mornitor

by PETIS

Fig. 2 The images made by integrated
v *Ray signal during translocation of 1'C
in the phloem. 11C'was fed to the 5th leaf
of 60 days old tomato plants treated with
0 or 150 mM NaCl. ' vy -Ray signal was
monitored by PETIS system. The circles
define the regions of interest: (ROI), in
which the data from four region (ROT 1-4)

have been use to calculate translocation -

rates
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Fig. 3 Effects of salinity treatment on the
relative translocation rate of 1'C in upper and
lower stems in tomato. 1'C feedings were carried
out sequentially three times in the same plant
(Fig. 2). At the first feeding, both control and
salt-treated plants were irrigated with soultion
without NaCl At the second and third feeding the
salt-treated plants were irrigated with solution
containing 150 mM NaCl. 11C was fed to the 5th
leaf for 2 min under light, and then plants was
kept in dark. Three feedings were carried out
sequentially in the same plant (Fig. 2). v -Ray
emitted from. 1C was continually monitored by
PETIS for 2 hours (360 frames) at each feeding.
The calculation of relative translocation  rate
(RSRup and RSRlow) for each feeding was
describe in Materials and Methods. Values in the
figure are mean and standard deviation of two
replicates,
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a Positron Emitting Tracer Imaging System (PETIS)
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Department of Applied Biological Chemistry, The University of Tokyo**
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Core Research for Evolutional Science and Technology (CREST)****

1. Introduction

Zinc (Zn) is an essential element for
living organisms, including higher plants.
However, in many regions of the world,
particularly those with calcareous soils,
little Zn is present in the soil solution,
which results in reduced plant growth. In
plants, Zn deficiency causes extensive
oxidative damage to membranes, lipids,
proteins, chlorophyll, and nucleic acids.
Many higher plants take up Zn from the
rhizosphere via transporters. There are two
hypotheses about Zn absorption. One is that
Zn is absorbed as free Zn®" ions from
rhizosphere. Several Zn*" transporter genes
have been isolated from rice”. Another is
that Zn is absorbed as a Zn(Il)-mugineic
acid family (MAs) complex. It is reported
that the maize YSI1, which 1is the
Fe(III)-MAs transporter, also transports
Zn(I1)-MAs in yeast and Xenopus oocytes”.
It is not clear which form, Zn*" or
Zn(I1)-MAs, is effective for graminaceous
plants to absorb Zn from rhizosphere.

We have already reported [''C]Met,
*NH," and H,"’0 translocation in plants
In this study, we compared the real time
2Zn translocation in intact rice plants under
various conditions by a positron emitting

tracer imaging system (PETIS).

3)-8)

2. Experimental procedure
2.1 Plant material

Rice (Oriza sativa L. cv. Nipponbare)
seeds were germinated at room temperature
(ca. 24°C) on paper towels soaked with
After
plantlets were transferred to a plastic net

distilled water. germination, the
floating on water in a growth chamber

under a mixture of incandescent and
fluorescent lamps with a 14 h light (30
°C)/10 h dark (25 °C) regime and a photon
flux density of 320 pmol m™>s™'. After two
days, the plants were transferred to
modified Kasugai’s medium: 1 mM
(NH,),SO,, 0.3 mM KH,PO,, 0.7 mM
K:S0,, 2.0 mM CaCl,, 0.5 mM MgSO,, 10
uM H;BO;, 0.5 pM MnSOQ4, 0.2 uM CuSOy,
0.5 uM ZnSO,4, 0.01 pM Na,MoO4, 0.1 mM
Fe-EDTA. The pH was adjusted daily to 5.5
with 1 N HCl or 1 N NaOH, and the nutrient
solution was renewed once a week. For Zn
deficiency, the plants were transferred to
the culture solution without Zn 12 days
before the beginning of the experiments.
The absorption experiments were performed

about 4 weeks after germination.

2.2 Production of “*Zn

8271 (half life: 9.186 h) was produced by
the “Cu(p, 2n)**Zn reaction by bombarding
a 1 mm thick Cu foil (natural isotopic
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composition, 99.9% purity, Nirako Ltd.,
Japan) with a 30 MeV proton beam from the
TIARA (Takasaki
Advanced = Radiation

Ion Accelerators for
AVF
cyclotron”. Using a beam current of 1 pA
for 30 min, about 50 MBq of **Zn was
produced. The radiochemical separation of

Application)

the °*Zn from the target was carried out
with a method described earlier”. After the
pH of the **Zn** solution without cold
carrier Zn was adjusted to about pH 4 with
1 M KOH, the ®*Zn*" was chelated with 3.36
pmol of deoxymugineic acid (DMA) in the
dark over 3 h.

2.3 Experimental setting up

Experiment 1: %Zn

Zn-deficient and Zn-sufficient rice
Zn-deficient and Zn-sufficient rice plants

Translocation . in

were supplied with 15 mL of culture
solution without Zn in polyethylene bags.
The plants and the bags were fixed between
two acrylic boards and placed between a
pair of PETIS detectors in a chamber at
30°C under 65% humidity and a light
density of 320 umol m™s™'. *Zn*" (20 MBq,
1.6 pmol) was added to each culture
solution. Shoots were monitored by PETIS
for 6 h.

2Zn(ll)-DMA or %ZIn’*
Absorption in Zn-deficient rice

Experiment 2:

Two = Zn-deficient rice plants were
supplied with 15 mL of culture solution
without Zn in different polyethylene bags. 1
mL solution with **Zn(II)-DMA (10.0 MBgq,
0.8 pmol) and *Zn** (10.0 MBq, 0.8 pmol)
was added to each culture solution. Shoots

were monitored by PETIS for 6 h.

3. Results and discussion
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Experiment 1.

In order to clarify the effect of nutritional
Zn  status  on Zn  absorption and
translocation in intact plants, **Zn®" was fed
to roots of Zn-deficient and Zn-sufficient
rice plants, and translocation of ®*Zn was
monitored using PETIS method. After 6 h of
absorption, ®*Zn translocation to shoots of
Zn-deficient rice was higher than that of
Zn-sufficient rice (Fig. 1). Especially, the
leaf sheaths of both plants were strongly
labeled.

approximately 2 times higher ®*Zn in the

Zn-deficient rice accumulated
discrimination center (DC), the basal part of
the shoots, compared to Zn-sufficient rice
after 6 h of absorption (Fig. 2A). In shoots
of Zn-deficient rice, the *Zn accumulation
rate was gradually increased until about 4 h
after supplying ®Zn** and, rapidly
increased after 4 h (Fig. 2B). On the other
hand, **Zn was gradually increased during
measuring time in Zn-sufficient rice. It was
reported that OsZIPl and OsZIP2, which
are Zn** transporter genes in rice, are
expressed and induced in roots by Zn
deficiency”. It is assumed that these
transporter genes play an important role in

Zn uptake in Zn-deficient rice.

Figure 1 *Zn translocation from roots to shoots
of Zn-deficient («Zn) and Zn-sufficient (+Zn) rice:
(Left) PETIS image. (Right) Gross image of plants.
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Experimént 2:
In order to clarify the effect of DMA on

Zn absorption and translocation,

627n(11)-DMA or *Zn*" was fed to roots of

7n-deficient rice. In shoots, about 0.7 times
6274 was accumulated to shoot when
27n(I1)-DMA was supplied to rice than
when 2Zn*" ion was supplied (Fig. 3 and

«Zn ghoot
FEnshoot /e
R : ,/ﬁswm i SR
0 2. 8.8 5. 849 2.3 .45
Tine (houn) Tima{hour)
Figure 2  Time  course for - radioactivity

accumulation in the DC (A) and the shoot (B;
indicated as shoot’ in Fig. 1) of Zn-deficient and
Zn-sufficient rice.

3 e e
Figure 3 **Zn(II)-DMA and "*Zn* translocation
from roots to shoots of Zn-deficient rice. (Left)
Accumulative PETIS image of *Zn after 6 h
analysis; YL indicates youngest feaf. (Right) Gross
image of plants.

2800 ; B0 e
2000 A ol B z@oMave
= Zn2r shoot & dx S gty el
%156{3 5 s, LA s
40 ﬁ ~
£1000 | E e .
8 500 Zn(i-DMAIG 20 | 7 Zni YL,
! shoot - &
& les ok . :
pogl 4B B 203 4B R
Time (howr Tlirng (hour)
Figure 4  Time course for - :radioactivity

accumulation in the shoot (A; indicated as ’shoot’
in" Fig. 3) and the youngest leaf (B, indicated
as *YL’ in Fig. 3) of Zn-deficient rice.

4A). This suggests that Zn(II)-DMA is less
effective to absorb Zn in rice than Zn** ion.
In rice, OsZIP genes may play a more
important role in Zn uptake than ¥S/-like

- genes. However, the time course of 27Zn

translocation in the youngest leaf showed
distinct pattern from shoot (Fig. 4B). The
in the youngest leaf of
6271 (I1)-DMA fed plant was equal to that of
$27Zn*" fed plant till about 1 h, whereas it
became higher after 1 h. This suggests that
6271 translocation in the youngest leaf was

radioactivity

enhanced by supplying the form of
827n(11)-DMA. In rice, endogenous MAs
were found in leaves'®. It is possible that
DMA enhances Zn translocation in rice

leaves..
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2.41 Visualization and Quantitative Analysis of Interception of the
Translocating Nitrogen in the Host Plant by a Root Parasite
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Y. Takeuchi**, S. Matsuhashi***_ S Fujimaki*** K. Sakamoto***
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1. Introduction
Broomrapes  (Orobanche  spp), root
holoparasites, can cause enormous damage
before their scapes appear above ground,
because their infestation occurs underground.
As a consequence, efficient control is
extremely difficult and infestation frequently
results in a severe reduction of crop yields.

As known that nitrogen fertilizer application
reduced the crop damage caused by these root
parasites"”. Ammonium has the toxicity or
inhibitory effect. On the contrary, it is known
that nitrate markedly promoted production and
excretion of germination stimulants for root
parasitic plants in the host roots”.

To share the absorbed nitrogen with host
plant would be one of strategy for survival of
root parasites. Then, translocation of
“N-nitrate or “N-ammonium in the root
systems of red clover (Trifolium pratense L.)
infected by broomrapes (Orobanche minor
Sm.) was examined by a positron emitting

tracer imaging system (PETIS).

2. Materials and methods
2.1 Plant material

To make root systems of red clover infected
by broomrapes, broomrape seeds were sown in
the soil mixed with vermiculite diagonally
under from red clover seeds. Also they are put
in red clover roots grown in water culture

mediated by glass fiber. Afier 2 or 3 months,
when broomrapes have infected enough and
formed tubers, red clover plants with
broomrapes were transplanted to the culture
solution”. They were grown in a growth
chamber (continuous light 350 pmol m™s” at

23°C) for 5 days.

2.2 Experimental set up for “NO;  and
NH," translocation in the plant root system

Red clover roots were used with or without a
tuber of broomrape, and also divided into two
bundles with or without a tuber of broomrape,
and fixed between two acrylic boards and
placed midway between a pair of PETIS
detectors. The end of the roots which hanged
out of the boards was soaked with 10 mL of
the culture solution. About 150 MBq of
“N-nitrate or “N-ammonium were added to
the culture solution to feed them, and "“N
translocation in the root and shoot of host plant
(red clover) and a broomrape tuber was
monitored using PETIS for 90 min.

3. Results and discussions

It was observed that distribution ratio of °N
originated from NH," in Orobanche to basal
stem of host plant was higher than that from
“NO5’, implying that >NH," would stagnate
more than >NO;” in Orobanche (Fig. 1).

As shown in Table 2, stagnation rate of
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BNQ, in Orobanche was estimated 73.6 %
from the difference of radio activity between in
input and output area of the root stuck by
Orobanche, correcting the root volume by °F
image(Fig. 2 and Table 1). For quantitative
analysis of stagnation rate of absorbed nitrogen
by host plant root in broomrapes, the
correction of root volume by '°F image

analysis.

Fig. 1  Monitored points in the plant
and the pattern of translocation of °N

Table 1 Correction of root volume
by "°F images

; ﬁé@Basal Stem

" Qrobanche

A B c D

Counts 31182 88354 26285 15853

Rate T 28 084 051
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Fig.2  Images of "NO; and '°F

Table 2 Stagnation rate of "NO5
in Orobanche (%)

Wituout Orobanche With Orobanche

Before correction 386 + 5.1 252 =+ 110
of root volume
After correction .12 * 85 73.6 £ 3.9
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2.42

Transportation and Distribution of Photosynthetic Products

in Hemp Visualized using the Positron-emitting Tracer

Imaging System

K. Sakamoto*, S. Fujimaki*** N. Kawachi*, S. Ishii*, N. Suzui* and

S. Matsuhashi*

Department of Ion-beam-applied Biology, JAERI*
Theoretical Analysis Group for Radiation Application, JAERI**

1. Introduction

Plants perform photosynthesis to produce
organic matter in the form of sugar from carbon
dioxide and water. The photosynthetic products
produced in leaves (source) accumulate in
various plant organs (sink) following transport
through sieve tubes. The relationship between
source and sink is influenced by the environment
and growth of the plant. The
photosynthetic products required for vegetative

stage

growth are transported mainly to the roots and
stem, whereas those required for reproductive
growth are transported to the fruits and seeds. It is
thought that a drastic change in the transportation
of carbon occurs during the transition from
vegetative growth to reproductive growth.
studies have
translocation and distribution of photosynthetic

However, no analyzed the
products captured between vegetative and
reproductive growth.

To analyze in real time the behavior of
photosynthetic products in leaves at different
growth stages, we used the positron-emitting
tracer imaging system (PETIS). Hemp (Cannabis
sativa L.) was used as the plant material because
it grows very rapidly and can be induced to
transition from vegetative growth to reproductive
growth by short-day conditions. We report here
the relationships between sink and source in
several leaves at different growth stages during
hemp vegetative growth.

2. Experimental procedures

2. 1 Plant material

Seeds of C. sativa L. var. sativa (CBDA)
obtained from random crossbreeding of males
and females of various strains were used for plant
cultivation. Plants were grown at 25°C with 16 h
of light and 8 h of darkness daily. Plants of
about 30-50 cm in height were used in

experiments.

2. 2 Production of 'CO, tracer 7

The gas-target system was used, as described
by Ishioka ef al. (1999) ", to produce ''CO, by
the "*N(p,a)"'C reaction of nitrogen (99.9999%
purity, pressure under 5 kg/cm?). Following
irradiation, approximately 50-100 MBq of ''CO,
were collected in a stainless-steel trap immersed
in liquid nitrogen. The collected ''CO, was used
in experiments on the translocation of

photosynthetic products.

2. 3 PETIS measurements

The PETIS consists of two planar detectors,
each of which is a BiiGe;0, scintillator array
coupled to a positibn-sensitive photomultiplier
tube. The two detectors, placed facing each other
and flanking a plant, detect annihilation y-rays
that are emitted from the plant (Fig. 1). Although
the detection area is limited to 19 x 21 cm, and
the resolution in space to 2 mm, the great
advantage of the system is that the plant being
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analyzed is alive, since it can be fed, watered, and
irradiated with light. Two-dimensional counting
data are accumulated in real time and the data

collected in computer memory.

2. 4 PETIS experimental procedures
Ambient air was conditioned in the chamber
to 25°C and to a humidity level of 50 to 60%.
The target hemp leaf was inserted into a “gas
cell,” a clear acrylic box with inside dimensions
of 12 cm in length, 8 cm in width, and 1 cm in
depth, to allow the feeding of gases. The light
intensity was measured with a light meter and
conditioned to approximately 250 pmol photons
m? s at the top of the stem. ''CO, was supplied
to the second to fifth leaves of the same plant for
* 5 min, and then the "CO, was drained off and
substituted with ambient air lacking the
radiotracer. The image frame was updated every
30 seconds, and 360 frames were collected over
3 hrs. Figure 1 shows a hemp plant being
subjected to PETIS analysis, with the photo
taken during ''CO, feeding.

3. Results and Discussion

PETIS measurements were taken from several
hemp leaves at different growth' stages during the
vegetative growth stage. After the second
expanded leaf was supplied with CO,, the ''C
tracer was transported via the stem to the roots
that supply the lower leaf (Fig. 2, bottom right).
Supply of "CO, to the third expanded leaf
resulted in the ''C tracer being distributed via the
stem to the roots that supply the lower leaf, and
via the stem to the shoot apex leaf (Fig. 2, bottom

left). When ''CO, was supplied to the fourth (and
largest) expanded leaf, the "1C tracer accumulated
rapidly in most parts of the growing stem below
the leaf and at the shoot apex (Fig. 2, right).
However, when ''CO, was supplied to the fifth
expanded leaf, which was immature, no
photosynthetic products were transported to the
stem; they stopped, instead, at the end of the
petiole (Fig. 2, left). It appears that the
photosynthetic products that are produced in an
immature leaf remain in the leaf for use in its own
growth, and other organs do not receive
photosynthate from this leaf. Similar results were
obtained when two other sets of hemp plants with
cither four or six expanding leaves were used.
These results suggest that the sink/source patterns
are decided in each leaf during vegetative growth.
We propose that hemp plants in the vegetative
growth stage maintain the four sink/source
patterns during growth.

This study revealed, for the first time, the
transportation and distribution of photosynthetic
products captured in real-time during vegetative
growth in hemp. This study and further
investigations  into  the  behavior  of
photosynthetic products should contribute to the
elucidation of the drastic transition from

vegetative growth to reproductive growth.
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Fig. 1 PETIS experimental setup.
a: Pair of planar detectors.
b: 'CO; feeding cell.

Frth {mf largest)
expanded leaf

Third expanded leaf ‘ k Second expanded leaf

Fig. 2 A multiplication image and morphological features of a hemp plant during the supply of
"'CO, to four expanded leaves. The yellow, orange, blue, and light blue circles indicate the
fifth, fourth, third, and second expanded leaves supplied with ''CO,, respectively. The yellow,
orange, blue, and light bluc boxes indicate the detection area (19 cm x 21 cm) used for each of
the leaves, respectively. The gradient color bar indicates the RI strength, with red the strongest.
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Real-time Imaging of Cadmium Transport in Intact Plant
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and S. Matsuhashi*

Department of Ion-beam-applied Biology, JAERI*
Faculty of Bioresource Sciences, Akita Prefectural University**

1. Introduction

Presently, cadmium (Cd) pollution of soil
and foods is serious problem in the world. In
particular, it is an urgent need to reduce the
pollution of rice in Japan. Repression of Cd
transport in rice plants and decontamination of
soil can be major measures against the problem.
Recently, phytoremediation is drawing attention
as a method for decontamination of soil. This
method is to make plants to uptake Cd from the
contaminated soil and to accumulate it in their
aerial portion, and harvest the plants. Therefore,
comprehension of dynamics of Cd transport in
plant bodies will be a pivotal step to realize the
two measures above described: the repression of
Cd transport in rice plants and the
phytoremediation.

In this study, we employed the Positron
Emitting Tracer Imaging System (PETIS), and
tried to visualize Cd transport in intact plants.

2. Experimental procedure
2.1 Plant materials

Rice (Oryza sativa L. cv. Nihonbare) and
oilseed rape (Brassica napus L. cv. Nourin No.
16) were used. The oilseed rape is a model plant
for phytoremediation. Rice plants had been
grown in an incubator with a cycle of 14 h light
at 30°C and 10 h dark at 25°C with modified
Kimura B hydroponic solution. Oilseed rape
plants had been grown in an incubator with a
cycle of 18 h light at 25°C and 6 h dark at 20°C
with modified Hoagland hydroponic solution. A

32 day-old rice plant and a 26 day-old oilseed
rape plant were subjected to the imaging
experiments reported here.

2.2 Production of tracer

174 was produced in the **Ag(p, n)'”’Cd
reaction by bombarding silver with a 20 MeV
proton beam from the TIARA AVF cyclotron.
1074 was recovered as water solution through
chemical purification. See “Production of
positron-emitting cadmium tracer for plant
study” by Ishioka et al” in this issue for more
detailed procedures. Approximately 100 MBq of
197Cd was applied to the hydroponic solution of
the test plant without non-radioactive carrier Cd,
to make total of Cd

Approximately 100 pmol L™

concentration

2.3 PETIS experiments

Each test plant was carefully set in the PETIS
apparatus to make its shoot and the base of root
placed within the view-field. The surface of the
hydroponic solution was below the bottom-end
of the view.

The PETIS measurement was carried out by
refreshing frames of image by every four
minutes (rice) or 10 seconds to two minutes
(oilseed rape), and continued for 24 (rice) or 37
rape) hours. The
temperature around the plants was kept 30°C

(oilseed atmospheric

(rice) or 25°C (oilseed rape), and the light was
kept on during the measurement.
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3. Results and Discussion

We successfully captured movie images of Cd
transport in the rice plant and the oilseed rape
plant.

In the rice plant, '”’Cd signal was dominantly
accumulated in the base of the leaf sheaths (Fig.
1). It is known that the emerging shoot bud and
the very short stem are localized in this region
referred as to “discrimination center (D.C.)”.
There was also notable signal on a newly
emerged root and the old dry coleoptile. It
possibly shows phloem transport of Cd from the
D.C. in the former case. The latter case would
show the capillary phenomenon and simple
evaporation. In contrast, the upper shoot, i.e. leaf
sheath and leaf blade, had little signal of '*’Cd.
Similar images have been obtained from six
individuals in total. These results suggest that
D.C. repress Cd transport in xylem toward the
upper shoot.

In the oilseed rape plant, intense signal
appeared on the root first, and then remarkable
signal was accumulated in the thick-grown
hypocotyl (Fig. 2). Subsequently, a little signal
was shown to move to the shoot bud, petioles,
and leaf blades.

We extracted time-activity curves, i.e. time
courses of radioactivity, from regions of plant
organs on the image data. We analyzed these
time-activity curves to estimate models
describing the dynamics of Cd transport between
the organs in the plant bodies. Figure 3 shows
time-activity curves of the root and hypocotyl of
the oilseed rape plant. In general, it should be
noted that when some activity is detected on a
of two

components, one is derived from fixed tracer in

plant organ, the activity consists

the tissue, and the other is from mobile tracer in
the vascular bundles. If the unloading rate of Cd
from a vascular bundle to the surrounding tissue
is proportional to the Cd concentration in the
vascular bundle, the rate of change of the fixed
component is proportional to the mobile
component. The bars in Fig. 3 show the rate of
change of the time-activity curve of the
hypocotyl. The shape was very similar to that of
the time-activity curve of the root. This result
suggests that the activity of the hypocotyl
mainly consisted of the fixed component, and
contrary, that of the root mainly consisted of the
mobile one. This leads a model that the
unloading of Cd from xylem vessel to the
surrounding tissue is weak in root and strong in
thick-grown hypocotyl in an oilseed rape plant.

e

Activity

0 2 4 6 810121416 18202224 26 28 30 32 34 36

Time (hour)

Fig. 3 Shapes of time-activity curves extracted
from PETIS data. A:root, <: hypocotyl. The
white bars indicate the rate of change of the
time-activity curve of hypocotyl.
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0-2hr 4-6hr 8-10hr 12-14hr16-18hr 20-22hr

Fig. 1 The test rice plant (left). Red square indicates the view-field of PETIS. Serial images of '“’Cd
transport (right). Each image was integration of 60 serial images obtained every two minutes by
PETIS.

1-5hr Qw‘tﬁr 1?w2'§h¥’

Fig. 2 The test oilseed rape plant (upper left). Red square indicates the
view-field of PETIS. Magnification of the hypocotyl and root (lower left).
Serial images of '*’Cd transport (upper right). Each image was integration of
serial images obtained by PETIS.
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PETIS Analysis of N-nitrate in Transgenic Rice Plant

Over-expressing Nitrate Transporter
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1. Introduction

Nitrogen is the most important nutrient
for growth in higher plants”. Therefore, the
uptake and assimilation of nitrogen is a
major limiting factor in crop production.
However, the excessive fertilizers applied
to the farming fields cause water pollution.
An improvement in the nitrogen utilization
ability of crops reduces the pollution in the
crop production. Nitrate uptake is a highly

)

regulated multi-component process” and

classified into low- and high-affinity
transport systems® in term of affinity.

Our aim is to improve the rice plants that
maintain high productivity under a low
input of nitrogen fertilizers. In our previous
study, we constructed a transgenic rice plant
over-expressing the OsNRT2 gene (NRT2
rice plant), coding a high-affinity nitrate ion
transporter involved in the uptake of nitrate
by the rice plant root. The molecular-based
analysis of the gene function is in progress.

PETIS (Positron-Emitting Tracer Imaging
System) of the JAERI is capable of real
time visualization of '*N-translocation in
intact plants®.

In this study, we aim to clarify the
functions of the OsNRT2 gene and visualize
the translocation of ’NO;™ in the NRT2 rice
plant by using PETIS.

Aok

ek oKk

2. Materials and Methods

Seeds of wild type (WT) rice (cv.
Yumeoumi) and transgenic rice were
germinated on a paper towel. The seedlings
of rice were grown hydroponically (1/2
Kimura B medium) in an incubator
(light/dark, 16 h/8 h, 30°C/25°C, 250 pumol
m2 s7') for 10 days. The culture medium
was replaced by the tracer media containing
BNO;~ (1.5-3.0 MBq mL™"), which is
produced by using the TIARA AVF
cyclotron. The >’NOs~ absorbed by the third
leaf stage rice plants was measured using
PETIS for 1 h. In addition, the rice plants
were set in BAS 1500 imaging system, and
the autoradiographs were obtained. The
total amount of '"NO;™ absorbed by the
NRT?2 rice plant and the WT rice plant was

compared.

3. Results and Discussion

The region of interest, that is, the aerial
part of each rice plant of the PETIS data
was collected for, and the relative count
(count/pixel/root) of "WT and NRT2 rice
plants over 60 min was plotted (Fig. 1).
Figure 1 shows that *’NO;™ uptake of NRT
was more than that of WT in all detection
time. To confirm this, the velocity of the
BNO;” uptake of 5-15 min by NRT2 rice |
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plants was compared with WT rice plants
(increment of count/min). The velocity of
3NO,™ absorption of the NRT2 rice plant
(count/10 min/ root) was more than that of
WT rice plant in the three independent
experiments (Fig. 2).

The plant bodies after PETIS analysis
were set in BAS 1500 imaging system, and
the autoradiographs were obtained. The
threshold was set to 20% of the highest
count of the autoradiographs (Fig. 3). The
count value of the autoradiograph
standardized by dry weight of root was
integrated and compared between the WT

rice plant and NRT2 rice plant. The NRT2

1.5

05

relative count (count/pixel/root)

0 : e :
0 20 40 60 min
Fig. 1 PETIS analysis of ’NO;™ uptake into
NRT2 and WT rice plants.

The region of interest, that is, the aerial
part of each rice plant of the PETIS data was
set, and the relative count (count/pixel/root)
of 60 min was plotted.

2

NRT/WT (count/DW of root)

0

exp. 1
Fig. 2 Comparison of 1*NO;~ uptake ability
between NRT2 and WT rice plants.
The bar indicates a value that is dividing the
increment of NRT by the increment of WT in
5-15 min.

exp. 2 exp. 3

Fig. 3 Autoradiograph of NRT2 and WT rice
plants.

The threshold was set to 20% of the highest
count of the autoradiographs and a value less
than this was considered to be noise. The count
of each plant was integrated and compared.

rice plant had absorbed larger amount of
NO;" than the WT rice plant. Similar
obtained with both the
three-leaf stage and five-leaf stage rice
plants. These data suggest that the NRT2
rice plants have an improved nitrate uptake

results were

ability.
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Imaging Analysis of the Mechanisms of Low Dose
Radiation-induced DNA Double-strand Break Repair
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1. Introduction

~ DNA double-strand breaks (DSBs) are
the most serious form of DNA damage
If not
repaired efficiently, DSBs cause cell death,

induced by ionizing radiation.
chromosome translocation and genomic
instability.

In mammalian cells, there are two major
DSB repair pathways, namely, homologous
recombination (HR) and non homologous
end-joining (NHEJ). NBS1, ATM and
histone H2AX are essential for DSB repair
by HR and for cell cycle checkpoints. These
proteins are phosphorylated after irradiation
and forms nuclear foci in the vicinity of
DSBs. We previously reported that NBS1
and y-H2AX (phosphorylated histone H2AX
at Ser139) form highly localized large foci
after high LET iron-ion exposure, which
5 Gy of
X-irradiation". Large foci of these proteins

cannot be observed after

are remained even 16 h after irradiation.
These results may suggest that a single
“heavy particle can induce even complex
clustered DNA damages®. Thus, it is very
important to estimate not only the radiation
dose but the distribution of DNA damages
in the irradiated cells.

To elucidate the DSBs induced by low
dose of high LET heavy ions, we examined
the foci formation of HR-related proteins
induced by high LET heavy ion microbeam
irradiation using immunofluorescence.

2. Experimental procedure

2.1 Cells

Human cervical carcinoma HeLa cells
were cultured in a DMEM and Ham’s
nutrient mixture F12 medium (DME-F12
medium, Sigma) supplemented with 10%
FBS. The exponentially growing cells (3000
cells) were cultured on CR-39 plate in 50 ul
of medium 8 h before irradiation as

previously reported®.

2.2 Hea'lvy ion irradiation

Just before irradiation, medium was
removed, and the cells were covered with a
polyimide (Kapton) film®.
115 MeV/u *Ar”" microbeam was
performed at TIARA JAERI-Takasaki®.
performed at

Irradiation of

Irradiation was room
temperature. Just after irradiation, 200 pl of
fresh medium was added and cells were

incubated for the times indicated.

2.3 Antibodies

Mouse monoclonal anti-phospho-ATM
(Ser1981) antibody was purchased from
rabbit

antibody  was

Cell Signaling Technology. The
anti-NBS1
purchased from
Products. The
anti-phospho-SMC1
anti-phospho-histone

polyclonal
Oncogene  Research
mouse monoclonal
(Ser957) and
H2AX  (Ser139)
antibodies were purchased from Upstate

Biotechnology.

2.4 Immunofluorescence
Cells were washed with PBS(-) three
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times, fixed with - 4%
paraformaldehyde-PBS(-) for 30 min and
permeabilized with 0.1% Triton X-100 in
PBS(-) for 10 min. Cells were blocked with
10%
incubated in primary antibodies overnight at
4°C. Alexa 488 or 3546
anti-rabbit or anti-mouse IgG (Molecular

bovine serum albumin and were

conjugated

Probes) were used as secondary antibodies.
The CR-39 was mounted with 90% glycerol
etched
alkaline-gthanol solution®. The image of

and its backside was with an
fluorescence and etched pits were obtained

using fluorescence microscope.

3. Results and Discussion

Figure 1 (A) shows the Ar-ion-induced
focus formation of y-H2AX assessed by
immunofluorescence in HeLa cells and an
etched pit on CR-39. Cells were fixed 30
min after irradiation. Single y-H2AX focus
almost coincided with single etched pit,
suggesting that single Ar ion can induce
single damaged DNA region. We also
detected the foci formation of NBSI,
ATM  (Ser1981) and
SMC1 (Ser957)

exposure to Ar-ion microbeam (data not

phosphorylated
phosphorylated after
shown).

We next observed the kinetics of y-H2ZAX
foci after exposure to Ar-ion microbeam

A) ‘ B

Contrel

- (Fig. 1B). At 5 min after exposure 1o Ar
ions, y-H2AX formed nuclear foci and the

size of foci was larger at 3-8 h. The number
of foci per cell was not decreased even & h
hand,

X-ray-induced y-H2AX foci were almost

after irradiation. On the other
disappeared within 8 h (data not shown).

A series of results obtained suggests that
single accelerated heavy ion can induce
which

were difficult to repair efficiently, along the

complex clustered DNA damage,
track.
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1. Introduction

Human T-cell leukemia virus type I
(HTLV-I) is the causative agent of adult
T-cell leukemia (ATL) and
HTLV-I-associated myelopathy (HAM).
Human immunodeficiency virus (HIV)
causes acquired immunodeficiency
syndrome (AIDS). The purposes of this
study, which will especially use the
heavy-ion beam irradiation facility of
JAERI-Takasaki, are to clarify the entry
mechanisms of human retroviruses such
as HTLV-I or HIV into cells and to
clarify effects
irradiation on retrovirus-related genes
such as long-interspersed repetive

element 1(LINE1).

of heavy-ion beam

2. Experimental procedures
As heavy ions, He, C, or Ne ion was
used, while ultraviolet (UV), X-ray or vy
-ray, or physicochemical environmental
factors (stress) as controls. We analyzed
HIV-1 and HTLV-I as viruses, and LINE1
as a gene related to retrovirus. As target

cells of vurus infection, human cell lines,

K562, C8166 and NP-2/CD4/CCRS, were
used. K562 cells
chronic myelogenous leukemia and
C8166 cells are from cord blood T-cells
l*atently infected with and transformed
by HTLV-1. NP-2/CD4/CCRS is a glioma

are derived from

cell line transuded with human CD4 and
CCRS. The susceptibilities of irradiated
target cells to HTLV-I was determined by
infecting vesicular stomatitis virus
(VSV) pseudotype bearing HTLV-I
envelope. As VSV, a chimeric VSV strain,
VSVAG*, bearing the green-fluorescent
protein (GFP) gene instead of VSV G
envelope protein was used. As for HIV-1
infection, HIV-1 antigen-positive cells
were detected by
immunofluorescene (IFA).

As for LINE1, LINE1 gene' was cloned

from genomic human DNA. GFP gene

indirect

was introduced into sites downstream to
the ORF2 of this LINEl gene in the
normal orientation, and reverse
orientation. The former construct of

LINE1 vector (LIGFP) was used to

quantitative  detection of LINEI]
expression while the latter (LIrGFP) was
used to detect the LINEl gene

retro-transposed in the genomes of the
target cells.

3. Results and Discussion
3.1 Effects = of
irradiation on HTLV-I infection
C8166 and K562 cells ‘are highly
sensitive and -‘relatively ‘ resistant to
HTLV-I, respectively. C8166 and K562
cells were irradiated with Ne ion at doses

heavy-ion - -beam
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indicated in Fig.1 and infected with VSV
AG* (HTLV-I) pseudotype one day later.
GFP-positive cells were detected on the
following day. GFP-positive cells
slighty decreased in the irradiated C8166,
that an

necessary for

suggesting amount of a
molecule(s) HTLV-1
infection was decreased upon irradiation.
In contrast, irradiated K562 cells became
two- to threefold more susceptible to
HTLV-1L
might have induced transcription of a

Irradiation with heavy ions
cellular factor necessary for HTLV-I
infection. K562 cells are known to
differeciate upon various stimuli, e.g.,
treatment with many chemicals and
irradiation with heavy ions may induce
differentiation of K562 cells. So far we
tested, expression of major proteins were
inhibited in cells irradiated with heavy
ions. We shall examine effects of Ne ion
irradiation as well as He, C, or Ar ion
irradiation on HTLV-I infection and hope
to identify a gene that is involved in
HTLV-I infection.

3.2 Effects of
irradiation on HTV-1 injection

C8166 and NP2/CD4/CCR5/ cells were
irradiated with C or Ne ion beam and
infected with HIV-1 two days later. As
HIV-1 strains, R5X4 dual tropic
GUN-1wt, R5Ba-L and R5 mSTD104,
were used. Two days later, expression of
HIV-1 antigens was detected (Fig.2),
HIV-1 antigen-positive cells markedly

heavy ion beam

increased and numerous syncytia were
formed, indicating that heavy ion beam
irradiation will enhance HIV-1 infection.
IFA for CD4 and CCRS5 showed that
irradiated cells seemed to express
smaller amounts of CD4 and CCRS5 than
non-irradiated NP-2/CD4/CCR5 cells.

Therefore, there is a possibility that
heavy ion irradiation may not enhance
the entry of HIV-I into the cells. If so,
the irradiation may have enhanced HIV-1
infection process after virus entry. In
irradiated C8166 cells, the accumulation
and transfer of NF- K B in the cell
nucleus from the cytoplasm was detected,
suggesting that this effect on NF- KB
may be one of reasons for the
enhancement of HIV-1 infection by
heavy ion irradiation. It remains to be
further

irradiation enhances HIV-1 infection.

analysed how heavy ion

3.3 Establishment of a
analyze effects of heavy ion beam
irradiation on the retroposon LINE1
We tried to produce two cell lines
designated NP2/CD4/L1GFP and
NP-2/CD4/L1tGFP for
expression and transposition of a human

system to

detection of

retrotransposon (retroposon), LINEL. In
both cell lines, GFP-positive NP-2/CD4
cells were detected after transfection of

the expression plasmids. Even when

NP-2/CD4/L1GFP cells were irradiated
with Ne ion, a number of GFP-positive
cell did not increase apparently.
NP-2/CD4/L1rGFP cells were irradiated
with Ne ion beam, and their cellular DNA
was extracted and analyzed using the
inverse PCR methed for transposition of
the vector. There seems to be difference
in localization of the LIrGFP plasmid
between non-irradiated and irradiated
NP2/CD4/L1rGFP cells.
We did not have enough chances to
experiments to confirm the
described Further
analyses will be needed to reach solid

repeat

findings above.

conclusions.
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C8166 cells K562 cells
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Fig. 1 Relative susceptibilities of human hemtopoietic cell lines to HTLV-I
- pseudotype
U‘iw*f Basl mSTD104
§
=4
2
:§
E

Cells were infected with HIV-1 48 hr after irradiation
and examined another 48 hr after infection.

Fig. 2 Susceptibilities of heavy-ion-irradiated NP-2/CD4/CCRS cells to HIV-1
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1. Introduction

Radiotherapy using high linear energy
transfer (LET) charged particle has been
thought to be highly effective alternative for
conventional X-ray treatment, since it has
higher relative biologic effectiveness (RBE)
and can be delivered to limited structure
such as lesional tissue or site.

Apoptosis is a fundamental process
required to form the organ structure, to
terminate a certain cell type from the lineage,
and eliminate damaged cell exposed to
radiation.  Extensive  studies  about
programmed cell death in mammals and
invertebrate such as Drosophila and C.
elegans have shown that the basic machinery
for apoptosis is conserved throughout
evolution.

Accumulating evidences indicated that
the p53 gene plays major roles for the
apoptosis in response to DNA-damaging
stimuli, such as X-rays and UV lights as well
as heavy ions. Previous studies have shown

that high-LET particle can induce apoptosis
in certain cell type lacking p353 gene,
indicating  the  existence ~ of  the

p53-independent  apoptotic pathway'.

that
radiation including heavy-ion particle causes
DNA double-strand  breaks
cytoplasmic damage,

Several groups reported ionizing

and also
membrane and/or
which lead to apoptosis.

The fertilized nucleus of a Drosophila
first 13

synchronously, then the divided nuclei move

embryo undergoes divisions
to the cell surface where the membrane
forms and separate them into individual cells.
Recent development of a heavy ion
microbeam technology enabled us to analyze
effects of heavy ion delivered to restricted
compartment within a single cell with high
accuracy”. We carried out the heavy ion
irradiation to the 1- or 2-nuclei stage
embryos and examined the expression of Ark
(Apaf-1 related killer) that is a Drosophila

ortholog of the mammalian Apaf-1.

2. Materials and Methods

67¢c23

Embryos from yw as wild type

were collected for 10 minutes and
dechorionated. Embryos were washed and
then exposed to carbon ion microbeam with
20-um¢ aperture provided by the AVF

cyclotron at TIARA ] AERI-Takasaki®.
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Embryos were aged at 25°C for 1-2 hours
and then fixed with 4% formaldehyde. In
situ hybridization using digoxigenin- labeled
RNA probe of Ark was carried out as
described previously”.

To detect cell death, acridine orange
staining was done. Irradiated embryos were
collected and placed in equal volumes of
heptane and 5 pg/ml of acridine orange in
PBS with vigorous shaking for 5 minutes.
with
fluorescence microscope or confocal laser

Samples were viewed either

microscope (Zeiss).

3. Results and discussion

The size of Drosophila embryos is
about 500 pum long and 200 pum wide. The
fertilized nucleus is located in central region
slightly closer to the anterior end of the
embryo during the first 2 rounds of the
nuclear division. We irradiated around the
position of 1/3 to the posterior end of the
embryo with heavy ion beam using 20 pmd
aperture so that the particle is likely to hit
the structure other than nucleus. Followed by
about 2-hour incubation at 25°C, we have
detected few dying cells with the vital dye

acridine orange (Fig. 1). It was reported

Fig 1 Heavy ion irradiation induced cell
death in the early Drosophila embryo.

Irradiated embryos were subjected to
acridine orange staining and viewed by
confocal laser scanning microscope. Arrow
indicates the nucleus stained with acridine

orange,

that the acridine orange staining could detect
only apoptotic cells in the Drosophila

embryos®

. In Drosophila, there is no
detectable developmental cell death during
the first 7 hours after the egg laying

corresponding to the fully extended germ

- band stage. Therefore, it is likely that the

heavy ion irradiation at the part of the
fertilized egg where the nucleus is absent
induced the apoptosis within the very
restricted area at the late syncytial blastderm
stage.

We  further Ark

expression in embryos exposed to heavy ions.

investigate = the

UV-B irradiation of fertilized eggs can
induce Ark transcription in the later stage of
embryos as previously reported by others”
(Fig. 2B). We detected high levels of its
expression in the restricted area in the
heavy-ion-irradiated embryos (Fig. 2C),
whereas wild type embryos show low-level
expression of Ark (Fig. 2A).

These data suggest that heavy-ion
irradiation induce Ark transcription and lead
the cells to apoptosis. The experiments to
examine p53 dependency of the Ark
irradiated

expression  in embryos are

ongoing.
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Fig 2 Heavy ion and UV'B induced Ark
expression.
When fertilized eggs were irradiated

with heavy ion or UV-B, Ark expression

X
. was observed at the later stage of

-

embryos. Low-level and ubiquitous
expression was seen in the wild type
embryo (A), whereas higher expression
was detected in the one side of the UV-B
irradiated embryo (B, Arrows). The heavy
ion irradiated embryo showed Ark

expression in the restricted area (C,

Arrow).
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1. Introduction

High linear energy transfer (LET)
charged particle radiation, such as carbon
and argon ion beam, have a higher relative
biological effectiveness (RBE), compared
with low-LET X-rays. The new radiation
therapy may give a promising modality to
the therapy for one of the most
undifferentiated and invasive human cancer
such as a glioblastoma usually resistant to
conventional X-ray therapy. Moreover,
the high-LET charged-particle radiation has
the precise spatial distribution by Bragg
peak that makes sharp and well-defined
thereby it

enables to treat the lesion with minimizing

localization of irradiation,
any harmful effect on the surrounding vital
structure. At present, however, information
on the biological effect of heavy particle
radiation on glioblastoma cells remains
elusive. Thus we investigated cytotoxic
effects of high- and low-LET radiations on
human glioblastoma cells by conventional
broad-field beam radiation.

2. Material and method
2.1 Cell line

A human glioblastoma cell line,
CGNH-89", was used in the present study.
in DMEM (Life
Mayryland)

Cells were cultivated

Technologies, Gaithersburg,

supplemented with 10% FBS and 2 mM
glutamine.

2.2 Irradiation

The AVF cyclotron installed at Takasaki
Ion Accelerators for Advanced Radiation
Application (TIARA) facilities of Japan
Atomic Energy Research Institute (JAERI)
was used as an ion-beam source”. The ion
beams used were *C** (18.3 MeV/nucleon,
LET 108 keV/um), and *“Ar"”* (11.5
LET 1260keV/um). Just
before irradiation, the medium was removed

MeV/nucleon,

to allow the ions penetrate the cells. During
the irradiation, the cells were covered with
an 8-um thick polyimide film (Kapton,
Dupont-Toray Co.Ltd) to keep the cells wet
during irradiation. For comparison, cells
seeded onto 35-mm-diameter Petri dished
with 2mL medium were irradiated with a
X-ray machine (MBR-1505R, Hitachi) that
was operated at 140 kV, 4.5 mA with
0.5-mm Al filter and focus-source distance
of 30 cm at a dose rate of 1.11 Gy/min®.

- Irradiation was performed in. air at room

temperature.

2.3 Clonogenic assay

Surviving fractions were determined
by clonogenic assay. Colonies were fixed
by 4% paraformaldehyde and stained with
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hematoxylin-eosin (H & E) at least 14 days
after subculture for counting.

3. Results and Discussion

We examined the cytotoxic effects of
high-LET carbon and argon beam radiations
on a human glioblastoma cell line,
comﬁared with those of X-ray treatment.
The survival rates subjected to X-rays,
carbon ion beams, and argon ion beams
treatment by broad-field radiation are
shown in fig. 1. Equivalent doses of the
carbon beams were more effective at
reducing the survival rates than X-rays.
The RBE values for carbon- and argon-ion
beams (compared with X-rays), calculated
for surviving fraction of clonogenic cells
after 1 Gy irradiation, were 4.4 and 7.5,
respectively. Argon-ion beam was the more
effective than carbon beams or X-rays. We
found high-LET charged-particle radiations
such as carbon or argon beam showed
higher cytotoxic effect than X-rays as
revealed by their RBE and cell morphology.
The éytotoxic. effect including flattening
and widening of cell soma appearance of
bizarre multinuclear cells, and cytoplasmic

vacuolation were detected in cells exposed

to 0.5-1Gy of argon and 3Gy of carbon ions.

To note, at least 5-7 Gy of X-rays is
We found
high-LET charged-particle radiation, such

required to cause similar effect.

as carbon beam or argon beam showed
higher cytotoxic effect than X-rays, as
revealed by their RBE. The cytotoxic effect
as revealed by the morphological changes
as described were gradually prominent until
4 days post-irradiation (4 DPI) and were
prominent at 8-10 DPL |

Fig. v1
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In conclusion, high LET radiation
displayed marked cytotoxic effect on a
human glioblastoma cell line; CGNH-89.
Thus, high-LET radiation therapy may be a
human

promising modality for

glioblastomas.
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1. Introduction

To evaluate the modes of cell death and
the signal transduction following irradiation
is essential for radiation biology. We have
already investigated apoptosis induced by
X-rays, heavy ion beams, and anticancer
agents, and indicated that p53-dependent
apoptosis was induced at a higher rate in
radiosensitive tumor cells and normal cells
having wild-type p53, while the apoptosis at

a lower rate in cells having mutant-type -

3% Although the signal transduction

p5
during the p53-dependent apoptosis induced
by radiation has been studied in detail, the
p53-independent apoptosis is yet to be
understood. Thus it is necessary to study the
signal transduction and the dynamics of the
relevant elements in radiation-induced cell
death . in  detail.  An :
micro-particle-induced X-ray emission
(micro-PIXE) has been used for biological
research recently, and expected to be a
useful technique for evaluating radiation
biology. In the present
investigated the
dynamics of elements associated with
radiation-induced apoptosis and necrosis by

using a micro-PIXE.

2. Experimental procedure

A human ependymoblastoma having
wild-type p53 and a human small cell lung
having mutant-type p53

canccer Were

in-air

study, we
distribution and the

transplanted into nude mice subcutaneously,
and they were irradiated with 200 kV
X-rays. These tumors were excised 3, 4.5,
or 6 hours after 10 Gy irradiation, and in
vivo samples were prepared for evaluating
the distribution and the dynamics of
elements associated with apoptosis or

necrosis induction by using a

micro-particle-induced X-ray  emission
(micro-PIXE). In particular, the localization
of these elements in vivo was studied in
comparison with that by conventional light
studies

microscopic morphological

(hematoxylin or TUNEL staining).

3. Results and Discussion

In the non-irradiated control groups of
the both tumors, wide distributions of
phosphorus (P), potassium (K), chlorine
(C1), and sulfur (S) were demonstrated in
the nucleus and the cytoplasm of tumor
These

correlated with the morphologic features

cells. distributions were well
shown by hematoxylin staining, and the
elements were extremely decreased in the
necrotic areas that were often found in the
small cell lung cancer. A small amount of
calcium (Ca), silicon (Si), and iron (Fe¢) was
also found in these samples, however, their
distributions were not correlated with the
morphologic features.

In the
ependymoblastoma, the

treated groups of the

morphologic
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showed that

frequently induced 3-6
irradiation, but no significant change of the
elements was observed. P, K, Cl, and S were

“studies apoptosis ~ was

hours after

widely demonstrated in the nucleus and the
cytoplasm of tumor cells as shown in the
control group. No significant change of
distribution of P, K, Cl, S, Ca, Si, and Fe
was observed regardless of the prominent
morphologic changes.

In the treated groups of the small cell
lung cancer, necrosis was often found, but
the morphologic features were not different
from those of the control group. P, K, Cl,
and S were decreased in the areas of
necrosis, however, no significant change of
elements was found compared with the
control group.

The present study has suggested that the

©2) M. Hasegawa,

micro-PIXE is useful for radiobiological
research, but these data are preliminary and
further investigations are required.
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3.1 First Preparation of Ion-track Membranes of
Poly(p-phenylene terephthalamide)

—Control of Pore Shape and Size under Various Irradiation Conditions—
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R. Neumann™®* and M. Yoshida™®

Department of Material Development, JAERI*,

Materials Research, Gesellschaft fiir Schwerionenforschung (GSI)* *

1. Introduction

When polymer films are irradiated with ion
beams, the materials along the incident axis are
damaged enough to be etched out in alkaline
solutions because of scission of the polymer
which
possess cylindrical through-holes with diameters

main chains. Ion-track membranes,
ranging from 10 nm to 1 um, are easily prepared
by ion beam irradiation followed by chemical
etching of the damaged part”. There have been a
number of reports on the ion-track membranes
of  poly(ethylene . terephthalate) (PET),
polycarbonate (PC) and polyimide (PI). The PI
ion-track membranes were obtained by the
etching with an oxidative solution® and
precursor method”. However, the ion-track

membrane of chemically and thermally stable

polyamide has not yet been prepared by the
chemical etching. This is because sensitivity of
the track etching is inversely related to polymer
stability.

In the present study, therefore, the ion-track
films was

etching of various polyamide

investigated based on our screening experiments.

We report herein, for the first time, the
preparation of ion-track membranes of
poly(p-phenylene (PPTA),
which is one of polyamides with the highest
strength, chemical and thermal stability. The
variation of irradiation parameters, such as ion

terephthalamide)

species and energy, and éetching conditions made
it possible to control the pore shape and size.

2. Experimental procedures
2.1 Ion beam irradiation of PPTA films

A PPTA film with 16 um in thickness was
obtained from Teijin Advanced Films Co., Ltd.
The PPTA films were irradiated with **Kr, '*’Ru
and '“Xe ions at energies of 6.2, 3.6 and 3.5
MeV/n, respectively, from the Azimuthally
Varying Field (AVF) cyclotron at the Takasaki
Ion Accelerators for Advanced of Radiation
Application (TIARA) of the Japan Atomic
Energy Research Institute (JAERI). Irradiations

“with '*Sm, '"’Au and **U ions at energies of

11.1, 11.4 and 11.1 MeV/n, respectively, at the
linear acceletator called UNILAC of the GSI
(Darmstadt), Germany. The ion fluence was 3 x
107 ions/cm®.

2.2 Conductometric measurement during the
chemical etching process

Based on the findings from our extensive
screening experiments, the irradiated PPTA
films were etched in a sodium hypochlorite
(NaClO) solution at 40°C without stirring,
whose pH value was adjusted at pH 9+0.5 by
adding a 2 M hydrochloric acid (HCI) solution.
The etched sample was washed with a large
amount of water and dried at 40°C for 2 hours in
vacuo. The surface and cross-section of the
membranes were coated with gold using a Giko
IB-3 ion coater and then observed with a JEOL
JXA-733 scanning electron microscope (SEM).

To measure a track etching rate (7)), the
performed

etching was in an electrolytic
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conductivity - cell®. The irradiated film was
inserted as a dividing wall in the cell containing
the NaClO solution at pH 9. The conductance
through the film was monitored as a function of
etching time. As soon as the track-etched cones
approaching from both sides of the film surface
had contact to each other, electrical current
suddenly increased. V; was calculated by
dividing the half thickness of the films by the
breakthrough time. A bulk etching rate (V1) was
estimated at 0.05 pnv/h by taking the decrease in
film thickness during one-hour etching. Using
the ratio of the two etching rates, we obtained
the track formation sensitivity, Q, according to
the following simple equation:

Q=W /-1

3. Results and Discussion

The PPTA
prepared by “*U and '*Xe ion beam irradiation
followed by the chemical etching with the pH 9
NaClO solution at 40°C. Figure 1 (a) shows the
SEM photographs of the
cross-section of the membranes, which were
obtained by the irradiation with 2% ions and the
12-hour etching. This clearly confirms the

ion-track membranes were

surface and

perfectly cylindrical pores with a 03-um
diameter. The cylindrical shapes were also
observed for the '’Au ion irradiated films. In
contrast, as shown in Fig. 1 (b), the tracks of
129%e jons were etched for 18 hours, leading to
the observable tracks with a surface diameter of
0.8 pm. The cross section appeared to be not
cylindrical all over the thickness of the
membrane. The films irradiated with ¥Kr, 'Ru
and ?*Sm ions provided such a funnel-shaped
pores, 100.

The conductometric measurement was
applied to determine the Q value. Figure 2
shows current across the film as a function of
etching time in the pH 9 NaClO solution at 40°C

Fig. 1 SEM photographs of the surface and
cross section of PPTA ion-track membranes
obtained by the irradiation with (a) % and
(b) "*Xe ions.
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Fig. 2 Representative ~ conductometry.

results: current vs. etching time curves for the
PPTA films irradiated with (a) 2307 and (b)
1% e ions.

for the PPTA films irradiated with U and
1% ¢ ions.

The breakthrough times were estimated to be
about 2.2 and 8.5 hours, respectively. These
times correspond to V; values of 3.2 and 0.76
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um/h, respectively. Accordingly, Q values of
63.4 and 14.2 were obtained for the **U and
Xe ion irradiated films, respectively. Q for
other ion species, ion beam energy and the
geometry of the etched pore are summarized in
Table 1.

Table 1 Ion irradiation parameters, Q and

the etched pore geometry.
Ion species  Energy Q Pore

(MeV/n) geometry

84Kr 6.2 2.4 funnel

12Ru 3.6 6.8 funnel

129%e 3.5 14.2 funnel

1528m 114 17.1 funnel

197An 11.1 62.4 cylindrical

e l) 11.4 63.4 cylindrical

Etching conditions : pH 9 NaClO solution at40°C

Probably because the latent tracks of lighter *Kr,
2Ry, ®Xeand '’Sm ions had lower sensitivity,
these funnel-shaped pores appeared in the
membranes, where the pore diameter at the film
surface became large before the formation of
through-holes. On the other hand, the track
sensitivity of heavier '’Au and ***U ions were
found to be more than 4 times larger under the
same etching conditions. Interestingly, the tracks
of °’Sm ions had low sensitivity in spite of as
high velocity as '”’Au and **U. These indicate
that Q depends on the mass of the ions rather
than the incident velocity. There should be the

‘threshold of the ion mass between *’Sm and

"TAu, at which the etched track transformed
from the funnel to
Consequently, the geometry of the etched tracks

cylindrical  pore.
in PPTA will be controlled by varying the
irradiation parameters.

4, Future remarks

PPTA possesses high glass transition
temperature reaching 350°C, and so exhibits
thermal stability as much as PI. We have been
developing polymer electrolyte membranes for
fuel-cell

incorporating proton-conductive ion exchange

high-temperature applications by
groups within the pores of the PPTA ion-track
membranes.
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3.2 Creation of Nano-Gel Channels by Ion Beam Irradiation

S. Hasegawa, H. Koshikawa, T. Yamaki, Y. Maekawa, Y. Suzuki, A. Hiroki

and M. Yoshida

Department of Material Development, JAERI

1. Introduction

Energy deposition area along an incident axis
in ion-beam-irradiated polymer films, namely a
latent track, is commonly divided into a core and
a penumbra. The core is a narrow cylindrical
region near the incident axis, and the penumbra
is the outer region surrounding the core.

The latent track as localized damage is
preferentially dissolved by alkaline etching,
resulting in the formation of track-etched
membrane with uniform pores . For example,
the track-etched membrane of the most popular
poly(ethylene terephthalate) (PET) was obtained
by hot NaOH aqueous solutions. The alkaline
etching of PET also produces functional groups
such as carboxyl (-COOH) and hydroxyl (-OH)
terminals through hydrolysis of the main chain
(Fig. 1). It is considered, therefore, that an
internal surface of the track-etched pore is
covered with hydrophilic thin layers, which are
swollen by etchant penetration just before
etching out.

Our target is the creation of this so-called
nano-gel channel based on ion-track technology.
The channel has
development of functional nano-tech membranes

wide applications to
because the terminal end groups of PET are

easily functionalized by  well-known
organic-chemical methodologies. Here we report

recent results regarding chemical modification

and thickness control of the gel layer within

the track-ctched pores. These techniques were
then applied to the preparation of membrane
materials for the optical resolution of amino acid

isomers.

PET membrane
(a cross section)

Latent track (250 nm)
Chemical
etching

-~
~

/ Pore ’\

Functionai groups (-COOH, -OH)J

Fig. 1 Schematic illustration for the
preparation of ion track membranes.

2. Chemical Modification of Internal Surfaces
of Track-Etched Pores
Chemical modification of pore internal
surfaces in the track-etched PET membranes was
carried out using the alkylation reaction with the
-COOH end groups, in which pyrene derivatives
were incorporated as a fluorescent probe
The track-etched membrane with the pores of
540 nm in diameter was prepared by the etching
of the PET film bombarded with 'Xe*" ions of
3.5 MeV/n in a 0.5 M NaOH aqueous solution
at 40°C. The internal surface of track-etched
pores was treated with a DMF solution of 0.02
M 1-(bromoacetyl) pyrene (BrPy) and 0.05 M
KF at room temperature. The DMF solution was
loaded into a glass syringe connected to a
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Spm

Fig. 2 Fluorescence micrographs of the ion
track membranes (a) before and (b) after the
reaction with BrPy. (c) optical image at the
same area of the membrane.

The solution was
introduced into the pore of the track-etched

membrane filter holder.

membrane with a constant pressure (5.3 kPa) to
make sure the contact of the reaction solution to
the pore internal surface.

The fluorescent images were taken using a
microscope with a standard CCD digital camera.
No fluorescence image was observed on the
membrane before the alkylation treatment (Fig.
2(a)). The fluorescent spots of about 500 nm in
diameter were observed clearly in the image of
(Fig. - 2(b)).
Compared to the optical image at the same area

the Py-modified membrane

of the membrane (Fig. 2(c)), the positions of the
fluorescent spots were almost the same as those
of the etched pores. This indicates that the pores
were modified by the reaction of the surface
-COOH groups with the alkylation reagent
bearing the pyrene fluorophore.

3. y-irradiation Effect on Latent Tracks of
PET Film

Many researchers have reported that ultraviolet
irradiation as well as soaking of organic solvents
is a useful technique for high sensitization of ion

9 Instead of such pre-treatments, we

tracks
investigated the effect of y-irradiation on the
latent tracks of PET films bombarded with
#Xe™" ions of 3.5 MeV/n,

The irradiated PET films were etched for 6
hours in a 0.2 M NaOH aqueous solution at
70°C. The evolution of the tracks during the
etching has been generally examined by the
conductometric method ¥ and scanning electron
microscopy (SEM). Strikingly, a discrepancy
was found to appear between pore sizes
estimated by these two methods. This became
large with increasing y-irradiation doses up to
160 kGy (Fig. 3). The decrease in pore diameter
observed by SEM should be caused by the
formation of the insoluble crosslinked polymer
region in the latent track. Thus this gel layer was
probably swollen by absorbing the etchant to
form the ion-transportable nano-gel channel.
Consequently, the pore diameter from the
conductometric method is considered equal to
the sum of pore size observed by SEM and
gel-layer thickness.

250 F .................................... D
[T | T
200 [ ]
g ‘\‘\Q‘
~ 150 r "
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0 50 100 150
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Fig. 3 Surface pore diameter obtained from
SEM (O) and electric conductometry ([J) as
a function of y-irradiation dose for PET films.

4. Development of Membrane Materials for
Optical Resolution of Amino Acid Isomers
The nano-gel channels in the PET membrane
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were modified with optically active amino acid
moieties to develop novel membranes for chiral
separation.

The track-etched PET membranes with a
cylindrical pore of 120-nm diameter were used
for their chemical modification according to a
similar method. The COOH groups existing on
the wall of the pores were selectively modified
by the alkylatidn of N-bromoacetyl-L-phenyl
~ alanine methyl ester (N- BrAc-L-PheOMe). The
ioptical resolution of racemic phenyl alanine (D,
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Fig. 4. Separation factor through the

N-Ac-L-PheOMe  modified  etched-track

membrane by the one-hour batch reaction at
25°C.

L-Phe) mixtures through the functionalized
nano-gel channels was performed by a one-hour
batch reaction at 25°C (Fig. 4). As a result, a
separation factor as the ratio of L to D-Phe was
constant at 1.4 through five batch reactions. This
undoubtedly suggests the preferential separation
of L-amino acids.
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in Water under Ne Ion Radiolysis
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1. Introduction
The oxidations of solutes in aqueous

solutions are mainly induced by OH
(hydroxyl) radicals formed from water
molecules upon heavy ion irradiation.

Characteristics of the oxidations of solutes are
strongly dependent on initial concentrations
and spatial distributions of OH radicals in
water at irradiation. Clarification of reaction
mechanisms of OH radicals is a critical point
for interpretation of the radiation effects both
in radiation chemistry and also radiation
biology. The heavy ion deposits its kinetic
energy densely along and around its trajectory.
The initial spatial distribution of OH radicals
is the same as that of the energy deposition.
OH radicals, however, disperse as time passed
within their life, and this
interpretation of relevant chemical reactions
very complicate. Therefore, neither ‘average
LET’ nor ‘average yield’ is suitable parameter

makes the

for detailed investigation on radiation effects.
Investigations based on three parameters,
which are incident ion species, their kinetic
energy in interested materials, and elapse time
for subsequent energy transfer in vicinity are
indispensable to understand chemical reactions
in the track.

The yields of OH radicals have been
investigated for several ten MeV/n Ne ions as
a function of reaction time by means of
changing the solute concentration.

2. Experimental
Phenol as a solute was dissolved in water
at 10-100 mM as a sample solution. The

solution was saturated with oxygen by
30-minute bubbling, and put into an aluminum
irradiation cell with a magnetic stirrer chip.
The cell has an aluminum window of 15-um
thickness and 40-mm diameter, which makes
Ne ion pass through to the sample solution.
The procedure of the ion beam irradiation
and the product analyses were performed as
described in the previous papers.”? Heavy ion
used in this study was 350-MeV Ne® ion
provided from an AVF cyclotron in TIARA
about 3x10°
ions/cm*s at the surface of the sample

facility. Fluence rate was
solution. Thin aluminum foils for reducing the
incident energy of the ion were placed on the
irradiation cell. The dose in the sample
solution was controlled by changing the
irradiation time up to 200 seconds. ‘

The sample solutions were analyzed after
irradiation by High Performance Liquid
Chromatography (HPLC) with a reversed
phase column (Shodex, Rspak DE-613) at
40 °C. Acetonitrile mixed with 70%(v/v)
aqueous H;PO, solution (0.01 M) was used as
an eluent at a flow rate of 1.0 mL/minute.

3. Results and discussion

The specific peaks of hydroquinone,
resorcinol and catechol were recorded on the
HPLC chromatogram as Ne-ion irradiation
products formed through the reaction, in which
one OH radical attached to phenyl ring at p-,

m- and o- positions, :

OH + CH,OH —>
hydroquinone, resorcinol, catechol +H  (1).
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The number (N) of oxidized products per a
single Ne ion, which was integration of
differential G-value (G’-value) over entire
trajectory, increased super-linearly with an
incident energy of Ne ion,

B,
N:J’O G'dE x100. Q).

The G’-values  are
differentiating N with a third order function of

estimated by
energy. The G’-values of the oxidized
products were in the range of 1/10 to 4/5 of the
G-values obtained for ®Co y-ray irradiation.
In the case of y-ray irradiation, total G-value
of the whole oxidized products is larger than
90 % of the G-value of OH radical. The
G’-values of OH radicals were estimated by
regarding that the mechanisms of oxidations
under Ne ion irradiation are the same as that
by y-ray irradiation. The estimated G -values
of OH three  different
concentrations of the aqueous phenol solution

radicals for

were plotted against specific energy (energy
per nucleon) of Ne ion as shown in Fig. 1.
The mean value of the reaction time of the OH
radical with phenol is regarded as (kom
[phenol])’l , where koy and [phenol] are the
rate constant of OH radicals with phenol and
the concentration of phenol, respectively. The
accordingly, obtained for the
phenol concentrations of 10, 60 and 100 mM

G’ -values,

are correspondent to the mean value of the
1.5, 2.5 and 15 ns,
respectively. The G’-values of OH radicals

reaction time of about
increase monotonously with the specific
energy. The G’-values will become closer to
the constant value (2.7) obtained for %°Co
y-rays. The G’-values are relatively larger at
the primary stage and decrease with reaction
time after irradiation. Such decreases of the
G-values are generally observed for y-ray and
electron beam irradiation. OH radicals are

consumed in consequence of the reactions with
hydrogen, hydrated
transient species produced by irradiation.

electron, and other

The result suggests that consideration of
transient process of radicals, e.g. diffusion and
reaction of transient species in track, is critical
to give better understanding of radiation
effects for heavy ions. The further discussion
will be done by considering such particularity
of chemical reactions occurred just in the
vicinity of physical track.
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34 Study of Radiation-induced Primary Process by Ion Pulse

Radiolysis
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1. Introduction

Radiation effects of high-energy - and
high-LET
produce the highly-densed damage which is
different from that by low-LET radiation,
such as electrons and y rays. The effects

ion beams on the material

were investigated by many researchers, and
used for many industrial applications. The
study of the primary process of the ion
beam-induced radiation chemistry is also
very important for opening the wide
application field of the ion radiation.

The LET effect on the time-dependent
emission is easy to be investigated by
emission spectroscopy . However, the
information on the other important short-
lived species, such as electron and cation
radical, can not be obtained by the emission
spectroscopy.

To study the behavior of the short-lived
species, an ion beam pulse radiolysis based

on absorption spectroscopy is a useful tool.

The first ion beam pulse radiolysis was _V

developed by using a proton beam, and
used to study the primary process of
radiation chemistry®. For a heavy-ion beam,
there are many difficulties to the absorption
spectroscopy, such as the fluctuation of the
ion beam intensity, the penetration of the
ion beam into material, the light source,
and so on. To overcome the difficulties, we

developed at first a heavy-ion-pulse

radiolysis by using a

counting technique. In the system, the ion

single-photon-

beam was passed through a thin scintillator
before irradiating the sample. The light
emitted from the scintillator by the ion
irradiation was used as analyzing source to
detect the absorption. The time-dependent
absorption of hydrated electrons in water
has been measured. '

2. Experimental Setup
Figure 1 shows the system for the
developed ion-beam pulse radiolysis for
absorption spectroscopy. A 25mm-diameter
sample cell was used and located into a
vacuum chamber. The ion beam produced
from the AVF cyclotron in the TIARA
accelerator was passed through a 20-pum-
thick Ti foil and guided into the sample cell.
A thin scintillator was located upstream of
the sample. The ion beam was passed
through the scintillator and then irradiated
the sample. The light emitted from the
sc_infillator by the ion irradiation was used
as analyzing source. The transient
absorption was détected by a single photon
counting iechnique, as shown in Fig. 1.
In the experiment, a 220MeV it
pulsed ion beam from the AVF cyclotron

was used as an irradiation source. A BGO
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Pulsed lon beam
from AVF cyclotro

Fig. 1 Experimental setup of ion beam

pulse radiolysis

(Bismuth Germanate;  BigGe3012)
scintillator was used as an emitter to
produce an analyzing light. The lifetime
and the peak wavelength of the emission
are 300 ns and 480 nm, respectively. The
slow reactions with the decay of <300 ns
thus can not be measured because of the

BGO lifetime.

3. Results and Discussion

In the experiment, the analyzing light
intensity after passing through the sample
(D), and the intensity without the sample
(Ip) have been measured to obtain the
optical density (OD). In this system, it is
difficult to measure Ig because the

énalyzing light is produced by the ion beam.

To avoid the problem, Iy was measured by

using empty cell. Therefore, the value of
OD can be

OD =log(I, x A/ T) =log(I, /1) +log(4) -

calculated as

where A is a factor which is caused by the
light
intensity at time = 0. The value of the

disagreement of the analyzing
factor A could not be determined in the
experiment. This means that the zero
position of the optical density can not be

decided. Figure 2 shows the time-dependent

é

@

Optical density {a.un.]

&
W

=
= 177
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Fig. 2 Transient absorption kinetics of
hydrated electron obtained in 220 MeV
€3+ pulse radiolysis

optical absorption of the hydrated electron
obtained in the 220MeV C3* ion beam
pulse radiolysis of water monitored at the
wavelength of 450-600 nm scale.

To measure the zero position of the
optical density, a 30 pm-thick screen which
was made of sintered Al,0; doped with Cr
was used for the next experiment. The
emission measured with
220MeV C3% pulsed ion beam. Figure 3
shows the spectrum and the decay of the

spectrum was

scintillator. A long lifetime was shown. A
flattop light emission within 450 ns was

observed by using the new scintillator. The

peak wavelength of 700 nm was observed.
It may be suitable for the study of the time-
dependent optical absorption kinetic of the

Counts

] 19 Eo) 30 40 400 500 ] 00 0 %00
Time fus} Wavelength [ruw]
Fig. 3 spectrum and the decay of the

scintillator made of sintered AL,O; doped
with Cr
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hydrated electron in matter.
4. Summary

An ion beam pulse radiolysis based on
absorption spectroscopy was developed to
study the primary process of the ion beam-
induced radiation chemistry. The transient
absorption kinetics of the hydrated
electrons in water was observed in the
. 220MeV C37 ion beam irradiation. A long-
lifetime scintillator is proposed to produce
a flattop analyzing light source for the next
ion-beam pulse radiolysis.
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3.5 Size Dependence of Nanowires Formed by Single Ion Hitting
on Molecular Configuration of Target Polymers

S. Seki*, S. Tsukuda*, S. Tagawa* and M. Sugimoto**
The Institute of Scientific and Industrial Research, Osaka University*
Department of Material Development, JAERI**

Introduction

In recent years, high-energy charged particles
have been examined in terms of the effects of de-
posited energy density on chemical products in
solid polymer materials, ) and the difference in
the types of radiation-induced reactions has been
ascribed to a variation in the density of reactive
intermediates. The spatial distribution of energy
deposited by charged particles plays a significant
role in promoting chemical reactions in target ma-
terials. %

From the viewpoint of nano-fabrication, the
small volume of chemical reactions in the target
material is realized by a single incident ion. The
small reaction volume, which is known as the
“chemical core”, has been studied vigorously, be-
cause of the narrow pores produced by chemical
etching procedures after the ion irradiation.'” The
pore sizes are controlled precisely by adjusting the
chemical etching conditions. Membranes with
pores of etched ion tracks as the template for me-
tallic replicas was also used successfully to pre-
pare copper whiskers and organic tubes on a sub-
strate.'>'” For the preparation of nano-structured
devices with precisely controlled sizes, it will be
very important to suppress the surface roughness
of the structures. The material origin of the rough-
ness has been investigated vigorously, however
still incomplete to date. Configuration of the
polymer chain in the base resin, as well as the mo-
lecular weight and its distribution of polymers, is
one of the most crucial primary factors to deter-
mine the roughness, and not only experimental
analysis‘ﬁ) but also simulations based on the statis-
tical theory of polymer backbone conﬁguration”)
have been demonstrated. In the present paper the
roughness is discussed quantitatively in the
side-walls of the nanostructures which have been

prepared by single particle negative-tone. imag-
ing.” The single particle imaging is the powerful
tool to give 1-D nanostructures with sub-nm spa-
tial resolutions.'® Intrinsic cylinder-like shapes of
the nanostructures realize to observe the side walls
directly by scanning probe microscopes, reflecting
the shape of “polymer molecules”.

Experimental

Polystyrenes derivatives and poly(3-hexyl-
thiophene) (P3HT) were purchased from Aldrich
Chemical Co. LTD., or synthesized by anion po-
lymerization technique from doubly distilled cor-
responding monomers using n-butyllithium as an
initiator, giving the polymers with monomodal
molecular weight distributions  with  their
polydipersity less than 1.2." Polyaniline (PANi)
was synthesized by the oxidation of aniline with
ammonium persulfate as the oxidizing agent. The
thin films of the polymers on Si substrates were
irradiated by several kinds of ion beams from cy- -
clotron accelerator at Japan Atomic Energy Re-
search Institute, Takasaki Research Establishment,
and developed by adequate solvents. The sizes and
shapes of the nanostructure formed along particle
trajectories were observed using a Seiko Instru-
ments Inc. atomic force microscope (AFM).

Results and Discussion
1. Roughness of Nanostructures

A heavy ion particle impinging on target
polymers can release high-density intermediates
within a limited area of the ion projectile. Irradia-
tion of the polymers results in a cross-linking reac-
tion along an ion track, forming a cylinder-like
structure (nano-wire) for each ion projectile. The
non-cross-linked area can then be eliminated by
development with an adequate solvent for each

— 186 —



JAEA-Review 2005-001

Fig. 1 AFM micrographs of nanostructures based on polystyrene derivatives produced by single particle nega-
tive tone imaging. The 1-D nanostructures were collapsed by the development, and observed as “lying” wires on
the substrate. Images (a) ~ (d) were observed in the thin films of PHS, PBrS, PCIS, and PS, respectively after

irradiation of 560 MeV '®Xe*®" ion beams at the fluence of 1 — 10X 10° ions cm2,

polymer, utilizing the change in solubility induced
by gelation of the polymers. The nano-wires be-
come completely isolated on Si substrates. Figure
1 shows a series of AFM images of nano-wires on
a Si substrate formed in polystyrene (PS),
poly(vinyl-phenol) (PHS), poly(p-bromostyrene)
(PBrS), and poly(p-chlorostyrene) (PCIS), respec-
tively. The correlation between the size (radii of
the cross section of the nano-wires) and the mo-
lecular weight has been investigated precisely,
showing clear increase in the radii with an increase
in the molecular weight of target polymers.>'®
The values of surface roughness were defined
as the standard deviation (&) of radii of the cross
section in the AFM traces. Figure 2 shows the de-
pendence of the values of ¢ on the degree of po-
lymerization (N) of PS. According to the statistical
theory on configuration of polymer chains, gyra-
tion radius (R,) of polymer molecules is deter-
mined by following formula considering the im-

permeable rigid-body approximation;'*'”

R, =aM’ =d - )
Mm
where M,, denotes the mass of a unit in a polymer
chain. The correlation represented in Fig. 2 is well
interpreted by eq. 1, giving the value of index v as
0.758. The observed value of v is close to the up-
per limit of v: 0.8 which should be observed in
case of complete-expanded chains. This is due to
the surface approaching to a rich solvent (toluene
for PS) of the polymers during development pro-
cedures, and drying without enough shrinking of
the molecules. AFM traces of nano-wires based on
the other polymers also estimates the values of o,

giving 2.5,4.1, 4.3, and 5.3 nm for PS, PCIS, PHS,
and PBrS, respectively after the calibration of
their molecular weight at 5.0 X 10% according to eq.
1. Backbone configurations of polystyrene deriva-
tives have been investigated precisely in both solu-
tion and solid phases. On the basis of the good
approximation of expanded-chain model in solu-
tion for the roughness estimates, the values of
characteristic ratio (C,) of the polymer chain in
each respective solvent used for the development
procedure are given as 10.8, 11.1, 12.0, and 12.5
for PS, PCIS, PHS, and PBrS, respectively.’” The
C. values show a striking contrast to the values of
o, thus this is the case giving the experimental
evidence of the clear quantitative correlation be-
tween the surface roughness of the nanostructures
and backbone configuration of the polymers.

2. Properties of Nanostructures
The nanowires based on PANI and P3HT can

100

o (nmy)
=

1 6 100
N/M,,

Fig. 2 Correlation between estimated values of edge
roughness (s) and polymerization degree of PSs. Mo-
lecular weights of PSs were ranging from 5.2 X 10* -
1.1% 10,
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Fug. 3 AFM images of the nanowires based on PANi

(a) and P3HT (b). The nanowires were formed by 450

MeV ¥Xe?" and 500 MeV ' Au®'" irradiation to the
- thin films at 1.0 x 10° ions/cm”.

be also formed and observed clearly by the ion
beam irradiation as shown in Fig. 3. The structure
and the sizes would play a critical role in deter-
mining the physical properties of conducting
polymers. Steady-state UV-Vis absorption maxima
(Mmax) have been attributed to the n-1* transition of
the conjugated polymer  backbone in
poly-3-n-alkylthiophenes. 2122 The Amax depended
strongly on the conditions, showing remarkable
shift as thermochromic or solvatochromic behav-
jors. The photoluminescence intensity of conju-
gated polymers and oligomers is strongly influ-
enced by interchain interactions. In fact, in most
cases, strong interactions among the chains, both
in solid state and in aggregates in solution, have
dramatic effects on the PL quantum yield of con-
jugated systems, ™

The absorption bands attributed to the molecular
aggregates were observed for the spectra of
nanowires. However an intense peak of the spec-
trum of nanowires appears at 603 nm. The sharp
fluorescence peak was observed at 700 nm for the
nanowires based on P3HT, which was in contrast
with the broad spectral features observed for the
thin film. It should be noted that the relative quan-
tum yield of the photoluminescence also increased
drastically in case of the nanowires. This might be
rationalized by considering that the conmjugated
electronic structures of the P3HT molecular ag-
gregates were converted from indirect-gap to di-
rect-gap semiconductors. The clear correlation was
not observed in the optical properties of PANi

2005-001

based nanowires, because of the lower extinction
coefficient and emission quantum yield relative to
those of P3HT.

Conclusion

The formation of polymer nanowires by ion
beam irradiation of carbon backborn polymers
has been observed. The sizes (length and radius of
cross-section of nanowires) and number density
can be completely controlled by changing film
thickness, molecular weight, LET, and fluenece.
Characteristic opto-electronic properties observed
for the various size of nanowires are different
than those from the solid state, suggesting that the
nanowires are not just the finely patterned analogs
of the conjugated polymer materials.
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1. Introduction

Organic and metallic contaminants on
the surface of a semiconductor wafer
cause serious degradation on electrical
performance of integrated circuit devices
fabricated on the wafer. In order to
optimize the manufacturing processes for
high performance devices, analytical

surface
Time-of-flight (TOF)

secondary ion mass spectrometry is one

tools are required for the

contaminations.

of the most powerful tools to characterize
contaminants with high
Mass analysis of
based on the
secondary ions are

the surface
sensitivity.

secondary-ions  is
phenomenon that

ejected from the surface when the primary
TOF
spectroscopy, we

ions bombard the target. To

secondary ion mass
have applied pulsed cluster ion beams,
different

yields

which give secondary ion
those  for

their

emission from

monoatomic ions because of

peculiar irradiation effect ». 1In this

paper, we show that the emission yields
of secondary ions originating from
organic and metallic contaminants on
silicon wafers are enhanced by cluster ion
bombardments, which will be applicable
to highly sensitive characterization of the

contaminants by secondary ion mass

Aok

analysis.

2. Experimental

Two samples with organic and
metallic  (Cr)  ‘contaminants’  were
prepared. A fresh point of the samples

was bombarded for each measurement.
Positive Secondary ion (p-SI) TOF
measurements for the samples were
performed with a linear type TOF mass
analyzer using pulsed monoatomic and
cluster ion beams produced by a 3 MV
tandem accelerator at the Japan Atomic
Energy Research Institute
(JAERI)/Takasaki'”.

improvements were made in the TOF

Several

system detailed in our previous paper to

improve the mass resolution by
shortening a half-width of the pulsed
incident ion beam and extending a length
of the TOF drift tube and to enhance the

SI transmission efficiency by inserting an

electrostatic lens with transmission grids

between an extractor grid and a

microchannel plate.

3. Results and discussion

Figure 1 shows the p-SI TOF spectra
of organically contaminated Si for (a)
0.5MeV-C," (0.5MeV/atom-C,”), and (b)
4.0MeV-Cs" (0.5MeV/atom-Cg"),
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(a)

ive Intensity
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Fig.1 Positive secondary ion TOF
spectra of organically contaminated Si
wafer for (a) 0.5MeV-C,*
(0.5MeV/atom-C;"), and (b) 4.0MeV-Cg"
(0.5MeV/atom-Cs"). The  relative
intensity on the vertical axis is
proportional to the SI emission yield per
incident atom. The total area of the
spectrum for 0.5MeV/atom-C,” is equal to
unity. :

bombardments, respectively. The relative
intensity on the vertical axis is
proportional to the SI emission yield per
incident atom. The

major peaks

observed in Fig.l can be attributed to
singly
molecular hydrogen,

ions of charged atomic and
hydrocarbon, and
organosilicon from the
surface-contaminants. The peaks at
m/z=1, and 2 correspond to H', and H,",
respectively.  The peaks observed at
27-29, 39-43, and 51-57 are mainly due to
hydrocarbon fragments CiHn', C:Hn',
and C. H.', respectively. The peak at
m/z=T3 can be assigned to Si(CH;);".

For easy comparison of the yields of

H+> H2+: C:’.Hm+a CSHm+> C4Hm+> and

Fig. 2

Comparison of the yields for the
major ions [HY, Hy*, C:Hy", C;H,", CH,",
and Si(CH,);'] among the three spectra

shown in Fig.1. For easy comparison, the
scale of the vertical axis is defined as the
ratio Ry of the yield for the each ion to
that for the corresponding ion upon the C;”
bombardment.

Si(CH;);" between the spectra in Fig. 1,
the ratio Ry of the emission yield of each
secondary ion for the C:" bombardment to
that of the C;* bombardment is shown in
Fig. 2.
0.5MeV/atom-Cs* impact provides higher
0.5MeV/atom-C;*
impact although the primary ions of the

The figure reveals that the
Ry values than the

same element bombard the same sample
with the same velocity.

The considerably different Ry among
different peaks for 0.5MeV/atom-Cs' in
Fig. 2
effect of the cluster impact on the relative

indicate that the enhancement
SI emission yield per incident atom
depends strongly on ion-species. S1
emission occurs via sputtering and
ionization processes as a result of the
energy deposition from the incident ion to
the target.
are affected by the

deposited energy by a ion bombardment.

The SI emission processes
local density of
The C;* impact gives a deposited energy

around the
from the C;°

constituent

distribution
different

because

density
impact-point

impact atoms

originating from the same cluster
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Fig.3 Positive secondary ion TOF
spectra of metallically (Cr) contaminated
Si for (a) 0.5MeV-C,* (0.5MeV/atom-C, "),
and (b) 4.0MeV-Cg* (0.5MeV/atom-Cs").
The relative intensity on the vertical axis
is proportional to the SI emission yield per
incident atom. The total area of the
spectrum for 0.5MeV/atom-C," is equal to
unity.

their kinetic

energy to a small area of the target

simultaneously transfer

surface. The difference in the deposited
energy 'density around the point makes the
sputtering and ionization processes for
C;" different from those for C,", which
probably provides the ion-specific Ry
values.

The cluster impacts also provide high
emission yields of metallic SI from the
metallically contaminated Si wafer.
Figure 3 shows the p-SI TOF spectra of
the Si contaminated by Cr for (a)
0.5MeV/atom-C,", and (b)
0.5MeV/atom-Cs",

The relative intensity on

bombardments,
respectively.
the vertical axis is proportional to the SI
emission yield per incident atom. The
C," bombardment gives no clear peak at
m/z=52 (Cr").
bombardment results in intense peak at

In contrast, the C;

m/z=52, which indicate that the cluster
impact is useful for highly sensitive
detection of not only organic but also
metallic contaminants on Si wafers.

In conclusion, the use of a cluster ion
instead of a monoatomic ion as a primary "
ion provides higher emission yields of
secondary ions originating from organic
and metallic contaminants on Si wafers in
the SI TOF measurements.
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4.1 Swelling Behavior and Microstructural Change of SiC/SiC
Composites under Simultaneous Irradiation of Hydrogen,

Helium and Silicon Ions

T. Taguchi*, N. Igawa*, S. Miwa** T. Imada,** E. Wakai***,

S. Jitsukawa'  and A. Hasegawa

Neutron Science Research Center, JAERI/Tokai*
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1. Introduction

Continuous (SiC) fiber
reinforced SiC matrix (SiC/SiC) composites are
known to be attractive candidate materials for

silcon  carbide

fusion power reactors in part due to their high
strength and low
radioactivity  following neutron

temperature residual
irradiation.
However, the effect of transmutation gasses on
SiC, which are not produced in the current
fission-neutron damage studies, is largely
unknown. Of particular concern are the high
levels of helium (He) and hydrogen (H)
transmutation atoms produced by the 14.1-MeV
fusion neutrons. The production rates of He and
H in SiC in first wall region are approximately
gas/dpa ratios of 130 appm He/dpa and 40 appm
H/dpa"”. Irradiation-induced  microstructural
changes may be accelerated in SiC/SiC
composites under the fusion condition since He
is insoluble in virtually all materials and is
captured easily within vacancy clusters produced
during cascade formation.

In this study, the swelling behavior and
microstructural change of SiC/SiC composites
under simultaneous irradiation of H, He and Si

ions were investigated.

2. Experimental procedure

2.1 Materials
The 2D plane weave of Hi-Nicalon Type S and
Tyranno SA SiC fiber fabrics as reinforcement
were used in this study. The SiC/SiC composites
were fabricated using the forced thermal gradient
chemical vapor infiltration (F-CVI) process at
Oak Ridge National Laboratory. The details of
fabrication procedure are described elsewhere”.
2.2 Irradiation

Simultaneous ion irradiation was carried out
at TIARA (Takasaki Ion Accelerators for
Advanced Radiation Application) facility of
JAERI. The specimens were irradiated at 800,
1000 and 1300 °C by 6.0 MeV Si** jons, 1.0
MeV He" ions and/or 340 keV H' ions. Various
combinations of ions were examined in this
study as summarized in Table 1. The
implantation of He" and H' ions was conducted
using an aluminum foil energy degrader in order
to control He and H distribution in the depth
range of about 1.0-1.8 pm from the specimen
surface. The displacement damage, He, H and Si
concentration as a function of depth from the
surface in SiC calculated by TRIM code® is
shown in Fig. 1.

3. Results and discussion
Cross-sectional TEM microphotographs of the

Table 1 Irradiation condition of simultaneous ion-beams in this study

Condition ID Kinds of ions Displacement He concentration H concentration
damage (DPA) __(appm) (appm)
Single (Si) si” 10 0 0
Dual Si"+He' 10 1300 0
Triple Si“"+He +H’ 10 1300 400
Triple (Hx10) Si“+He'+H’ 10 1300 4000
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irradiated SiC matrices at about 1.4 pm depth
from the surface are shown in Fig. 2. For
implantation at 800, 1000 °C, He bubbles were
not observed in the matrix irradiated by single Si
ions. However, He bubbles were observed in the
matrix irradiated under dual (Si+He) or triple
(Si+He+H) ion-beams. These results revealed
that the simultaneous ion-beams irradiation
enhanced the formation of stable He clusters. It
was thought that this was caused by the
simultaneous formation of vacancies by the
silicon ion damage and these vacancies were
stabilized in the presence of helium. Once stable
vacancy clusters are formed they continue to add
helium leading the helium bubbles observed.
These He bubbles were preferentially formed at
the grain boundaries.

The average size of He bubbles in the
composites irradiated at 800 °C increased with
increasing the amount of implanted H ions. On
the other hand, the average size of He bubbles in
the composites irradiated at 1000 °C decreased
with increasing the amount of implanted H ions.
The number density of He bubbles slightly
increased with increasing the amount of
implanted H ions. These results indicated that
the simultaneously implanted H might prevent
the migration of He and the growth of He
bubbles might be inhibited. Hojou has reported
that H atoms implanted simultaneously with He
atoms would contribute to forming a large
number of nuclei for bubbles formation at room
in-situ  TEM
in this

observation
study is

temperature by
technique®. The result
corresponding to this previous work.,

At irradiation temperature of 1300 °C, He
bubbles were observed in the matrix irradiated
by single He ions, dual and triple ion-beams.
Hasegawa has reported that He bubbles were
formed in He pre-implanted matrix of SiC/SiC
composite annealed at 1400 °C for 1 hour”.
Such voids (average size: 5.8 nm) were also

observed in the matrix irradiated by single Si
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Fig. 1. Displacement damage, He, H and Si

concentration as a function of depth from the

surface in SiC calculated by TRIM code
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410{3(}"0 800°C

1300°C

Fig. 2. Cross~section;11 TEM microphotographs of the
irradiated SiC matrices at about 1.4 pm depth from
the surface.

ions although gas atoms such as He and H were
not implanted. Price reported that neutron
irradiation at 1250 °C produced voids in -51C
and the average size of voids was 4.2 nm®. The
results in this study are in good agreement with
the previous studies. Helium bubbles in the
matrix irradiated by single He ions and the voids
were mainly formed at grain boundary. Helium
bubbles in the matrix irradiated by dual and
triple ion-beams were formed both at grain
boundary and within the grain.

The average size of He bubbles at the grain
boundary was much larger than that in the grain.
The reason is that the recombination of He
clusters was accelerated since the mobility of He
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interstitial and vacancy at grain boundary is
larger than that in the grain.

Both average size and number density of He
bubbles increased with increasing irradiation
temperature. He bubbles formed at irradiation
temperature of 1000 and 800 °C were observed
only in the He implanted region (0.7-1.8 um
from the surface). On the other hand, He bubbles
at 1300 °C were also observed outside of He
implanted region; the formation depth-range of
He bubbles was from 0-3.0 um. The mobility of
He interstitial and induced vacancy increased
with increasing the irradiation temperature.
Therefore, He bubbles grew ecasily and the
number of visible He bubbles increased at higher
temperature.

The estimated swelling amount of SiC matrix
by the average size and number density of He
bubbles were shown in Fig. 3. At the irradiation
temperature of 800 °C,
increasing the amount of

swelling amount
increased with
implanted H. On the other hand, at irradiation
temperature higher than 1000 °C, swelling
amount was maximized by triple ion irradiation,
which is the same environment as that in fusion
reactors.

4. Conclusions

(1) At the irradiation temperature of 1000 °C,
He bubbles were not observed in the matrix
irradiated by single Si ions or single He ions
while He bubbles were observed in the matrix
irradiated by dual or triple
Simultaneous existence of the induced vacancies
by Si ion beam and implanted He ions
contributed to the formation of He bubbles.

(2) The average size of He bubbles in the matrix
increasing the density of

ion-beams.

decreased with
implanted H ions. The number density of He
bubbles when the implantation
temperature was increased from 1000 to 1300°C

increased

and the amount of implanted H was increased.
(3) At the irradiation temperature of 1000 °C,

Swelling o,

Fig. 3 Estimated swelling of SiC matrix by
average size and number density of He
bubbles. '

He bubbles in the matrix were mainly formed
near the grain boundary. At the irradiation
temperature of 1300 °C, He bubbles in the
matrix were formed both at grain boundary and
within the grains. The average size of He
bubbles at grain boundary was much larger than
that near the grain.

(4) The swelling of SiC matrix at irradiation
temperature of 800 °C increased with increasing
the amount of implanted H. On the other hand,
the swelling of SiC matrix at irradiation
temperature higher than 1000 °C was maximized
by triple ion irradiation.
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1. Introduction

Steels
(RAFS) are the most promising structural
materials for the blanket of fusion
reactors. An 8Cr-2W-TaV steel, F82H is
the present candidate RAFS in JAERI".
Different types
deformation depending on the service

Reduced Activation Ferritic

of degradation and

temperatures will limit the service life of
RAF.
breeder materials systems are being
discussed and JAERI plans to build a
water-cooled ceramic breeder systemz).
blanket

materials in such systems is lower than

Several types of coolants and

Temperature  of structural
about 550 C, which varies depending on
the design. Radiation embrittlement is
the largest concern to use RAFS in this
temperature range. Generally materials
are more brittle at lower temperatures and
more ductile at higher temperatures. The
temperature at which the transition takes
place is known as the ductile to brittle
transition temperature (DBTT).
Irradiation raises the DBTT of RAFS.
DBTT should never exceed a reasonable
temperature, for example 100 C, for the
structural safety of the blanket during the
maintenance time.

To measure loss of toughness and
DBTT shift due to irradiation is very

difficult using ion-irradiated specimens,

because the thickness of damaged region
in an ion-irradiated specimen is very
small and toughness tests usually require
a large specimen volume. Radiation
hardening has some relationship with the
DBTT shift® ¥ and it has been measured
by nano-indentation.

In this study, radiation hardening of
F82H was measured up to 100 dpa and

the dose dependence is analyzed.

2. Experimental

Chemical composition of F82H is
Fe-8Cr-2W-0.2V-0.04Ta-0.1C. Plates
were normalized at 1313 K for 0.5 hr,
followed by air-cooling. Tempering was
performed at three different temperatures,
973, 1023, 1073 K for lhr.
were irradiated in MT chamber at 543 and
633 K up to 105 dpa (measured at 0.6
wm) with 10.5 MeV Fe’” ions at TIARA
Further details of irradiation

. 5)
are given elsewhere™.

Specimens

facility.
Nano-indentation
tests were performed at loads to penetrate
about 400 nm in irradiated specimens
using a UMIS-2000 (CSIRO, Australia).
Hardness values were obtained at 35
irradiated surface and
With  this

condition, plastic deformation up to about

points on the

averaged. indentation
1000 nm® is reflected to the measured

hardness. Figure 1 shows the depth
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distribution of displacement damage and
indentation depth.

©
dpa
§ [H=p
% 300 /
S 200
7
E 100—<
Q , — \
0 1 2
Depth (um)
-’ Indentation depth
i Plasti deformation
Fig. 1 Damage profile of 10.5 MeV

Fe’* ion irradiation to F82H.
Indentation depth and plastic
deformation depth in hardness test are
also given. '

3. Results and Discussion

Change of hardness of F82H with
different tempering conditions irradiated
at 543 K up to 43 dpa is shown in Fig. 2.
The higher the tempering temperature is,
the lower the initial hardness of the
specimen. The hardness increases with
irradiation dose in all specimens and the
specimen tempered at 1073 K shows the
lowest hardness even after 43 dpa. This
result suggests that F82H tempered at
higher temperature, which has a higher
toughness before irradiation, would have
a higher toughness after irradiation.

Dose-dependent hardening behavior in
- 633 K irradiation up to 105 dpa is shown
in Fig. 3. Note that Fig. 3 represents the
increment of hardness due to irradiation
while Fig. 2

hardness.

represents  measured
As shown in Fig. 2, radiation

hardening is largest in 1073 K-tempered

8.0
= F82H irradiated at 543 K
o
O 60
)
7]
2
T 40
(0]
i -

2.0

973 K 1023 K 1073 K
Tempering temperature

Fig. 2 Radiation hardening of F82H
tempered at different temperatures
irradiated at 543 K.

Y

L T I
F82H irradiated at 633 K
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Fig. 3 Dose-dependent -hardening of
F82H irradiated at 633 K.

specimen, which has the lowest initial
hardness. It is also show that almost
one third (1/3) of hardening up to 105
Sdpa.
decreases

dpa is achieved in initial

Radiation hardening rate
rapidly with irradiation dose and such
hardening behavior is often fitted by
()", Fitting present data with (¢t)"'"
suggests n=4.

It should be noted, however, that
present dose-dependent hardness data are
obtained with ion-irradiated specimens,
which have a depth-dependent damage
profile. Measured hardness data reflect
the different hardness at different depth
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with different weight of contribution.
Local hardness h(¢t,x) at depth x with
irradiation dose ¢t is experessed as
follows assuming hardening proportional
to ()" ;
h (ot x) =k { ¢t x D)},
where D(x) is the damage distribution
and k is a constant.

Depth-dependent sensitivity profile of

nano-indentation is pu (x), where J. p(x)dx = 1.

Measured hardness H is given by the
product of above two profiles;

H=§ 1 h(st x) dx
kf 2 {et D& } MYmdx
—k (o0 L (D&} Vmdx.

Because j‘ 2 ) {D) }/? dx is independent
on ¢t. Ho k (ot)1/n,
hardening behavior of the

Assuming a
material
proportional to ( ¢ t) 1/n radiation

hardening measured by nano-indentation

which has a depth-dependent sensitivity
profile on an ion-irradiated specimen
which  has
profile would be also proportional to (¢
t) 1/n,  Therefore hardening behavior
derived from Fig. 3, H=(¢ t) 1/n and n=4,
hardening

depth-dependent damage

can be regarded as the

behavior of the material.
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4.3 Microstructures of Ion-irradiated Zirconium
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1. Introduction

In order to reduce costs of electric
power generation using boiling water
reactors (BWRs), it is useful to develop
fuel cladding tubes tolerant of high burnup
conditions. The cladding used in the current
BWRs is made from Zircaloy-2 which is the
Zr base alloy with predominant addition of
Sn (~1.5wt. %). The cladding

excellent  performance  of

shows
corrosion
resistance, however it has been reported
that an axial crack in the cladding was
observed at the power rump test'’. The
of the
understood yet, and hence it is important to

principal cause crack is not
elucidate the mechanism of ductility loss
for the cladding

properties. We think that a characterization

improvement of the

of microstructures is useful to overcome the
problem because the ductility loss should
be influenced by irradiation damages. It is
and <c>
are formed in

generally known that <a>
component dislocations
Zircaloy-2 by neutron irradiation”. The
former dislocation is formed on the
prismatic plane (11-2_0) and the latter one is
on the basal plane (0001).

We have reported that microstructures
of Zircaloy-2 cladding irradiated up to 60

MWd/kgU in the commercial reactor
(Ringhals-1, Sweden) showed a
dose-dependence and also the damage

structure of <c¢> component dislocations
could be simulated in Zircaloy-2 using ion
irradiation®.

The purpose
characterize

of this study is to
microstructures  of  Zr
irradiated by ions to study the effects of
alloy and irradiation
temperatures on the formation of damage

structures.

components

2. Experimental
The bulk specimens of Zr were

irradiated by 12 MeV Zr* ions up to 20 dpa
at 573 and 673 K using 3 MV tandem
accelerator at TIARA facilities of JAERL
Thin foils for electron
microscopy (TEM) were prepared using the
focused ion beam (FIB) method and were
characterized using 300kV field emission
TEM at CRIEPI.

transmission

3. Results and discussion
Figure 1 shows a bright-field (BF) TEM

“image of unirradiated Zr. Dislocations were

not clearly observed. Precipitates seen in
the figure are hydrides.

=
%

X
B

AR R

Fig. 1 BFTEM image of unirradiated Zr.
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Figure 2 shows a BFTEM image of Zr
irradiated by the ions at 573 K. The
specimen was extracted at the depth of 3pm
the Monte-Carlo
simulation code predicts that a damage
peak is at the depth of ~2.5pum. Line
dislocations roughly parallel to the trace of

from front surface.

the basal plane and loops with a large
diameter ~100 nm were observed. A
dark-field (DF) TEM image obtained using
the reflection g=0004 showed that the line
dislocations and the loops are visible and
this implies that the defects have the
Burgers vectors of the <c> component
dislocations.

Figure 3 shows a BFTEM image of Zr
irradiated by the ions at 673 K. The
specimen was extracted at the depth of 3pm
from the front surface. Straight lines with a
~30 nm spacing parallel to the basal plane
were formed. The damage structure agrees
well with that of Zircaloy-2 irradiated by
neutron. A DFTEM image obtained using
the reflection g=0004 showed that the
dislocations are visible and this implies that

the defects are the <c> component
dislocations.
From the results, we can infer the

reason why the <c> component dislocations
were formed at high irradiation temperature
of 673 K and not formed at 573 K. At low
temperature it is easy for vacancy to
recombine with interstitial and thus the <c¢>
component dislocation loops with vacancy
are not formed. On the other hand, at high
temperature a mobility of vacancy is larger
than that of therefore the
accumulation of the vacancy to the growing

interstitial,

vacancy structure preferentially occurs and
thus the <c¢> component dislocations are
formed.

The results are summarized as follows;
(1) The damage structure of <c> component
in Zircaloy-2 by

dislocations formed

202

neutron irradiation can be simulated in Zr
by using Zr ion irradiation.

(2) The line dislocations and large loops
(diameter~100 nm) were formed in Zr
after the irradiation of 20 dpa with Zr*
ions at 573 K, on the other hand, aligned
<c> component dislocations were formed
at 673 K. .
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Mechanical Properties of Austenitic Stainless Steel
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1. Introduction

Irradiation creep has been studied
extensively to provide data that can be used
for component analysis of fusion, fast breeder
and light water reactors. It is now generally
recognized that the irradiation creep data were
in agreement with an empirical equation®.
Moreover, there have been many irradiation
experiments done under applied stress to
investigate stress effects on microstructural
evolution. It is reported that the total
nucleation rate of Frank loops was increased

). However,

with increasing external stress’
there are few studies on the effect of external
stress on mechanical properties of the material
under irradiation.

A triple ion irradiation can simulate the
irradiation  environment by  producing
displacement damage in the material while
simultaneously implanting H and He. However,
the ion-irradiated area is limited to the very
shallow surface layer (<2um depth) of the
specimen so that the irradiation damage is
distributed in a thin layer. Hence, a
nanoindentation technique combined with
inverse analysis using a finite element method
(FEM) was applied to examine the influence
of ion irradiation on the mechanical properties
of the thin layer and derive the constitutive
equation of the damaged layer”. The purpose
of this study is to evaluate the mechanical
properties of the irradiated material under

external stress.

2. Experimental procedure

The material tested is tvpe 304 stainless
steel in the solution-annealed condition. The
chemical composition is given in Table 1. The
configuration of the specimen and the ion
irradiation holder for applying the required
stress are shown in Fig. 1. The thickness of
specimen is about 0.5mm. It has three different
cross-sections” (1.5mm, 1.75mm, 2.0mm in
width) in order to be irradiated at different
stress at the same time. The surface of
specimen was polished with #2400 paper. The
spring was used in order to apply the required
stress in the specimen during irradiation. The
strain gauge was attached at M division
(1.75mm in width) of the specimen to measure
the tensile strain before ion-irradiation. The
spring was adjusted so that the tensile strain at
M division might become about 0.2%. The
applied stress, about 228MPa, at M division
was estimated from the stress-strain curve of
type 304SS. In this time, the applied stresses
of L division (2.0mm in width) and S division
(1.5mm in width) were about 200MPa and
266MPa, which were calculated from each
cross section. The strain of L and S divisions
were estimated from strain-stress curve about
0.1% and 0.5%, respectively. The strain gauge
was removed before irradiation.

The specimens were irradiated in triple
(12MeV Ni**, 1.1MeV He" and 380keV H")
ion beam mode at a temperature of 300°C
using the triple ion beam facility (TIARA) at
JAERI The temperature of the specimen was
measured by an infrared thermometer
(THERMAL VISION, Nikon Co.). The
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temperature of the spring was lower than 50°C
during irradiation at 300°C. It was believed
that the stress applied to the specimen was
maintained during irradiation. The
displacement damage in the specimen was
mainly attributed to Ni’* jon irradiation. The
peak dose was about 10dpa around 2pm. The
He' and H' ions were implanted in depth
ranges from 1.0 to 1.5um using aluminum foil
energy degraders. The concentrations of He'
and H' ions in the implanted range were 11
appmHe and 91 appmH, respectively, which
~correspond to LWR condition. The dose was
about 5dpa in the implanted range of He™ and
H' ions.
 The nanoindentation test was carried out on
the surfaces of the irradiated and unirradiated
specimens at room temperature. A conical
indenter that had a hemispherical apex with
radius of 1.2um was used. A DUH-200
(Shimadzu Co.) testing machine was used for
the nanoindentation test. The load was applied
with a loading speed of 2.6x10” NUs, held 1
second and then removed. During loading and
unloading, the load was continuously
monitored along with the displacement with a
resolution of 19.6mN and  0.0lpm,
respectively.
The interaction between the irradiated thin
region)

layer and substrate (unirradiated

complicates the deformation under the
indenter and makes it difficult to characterize
the irradiated thin layer. An inverse analysis
was carried out using an explicit FEM code
which enables us to roughly analyze a large
deformation that accompanys contacting
behavior. In the analysis, the indenter and
specimen were treated  as axisymmetric
bodies to

efficiency of the calculation. The indenters

two-dimensional improve the

were modeled as a perfectly rigid. The
fineness of the mesh size was determined by

the required accuracy. The minimum element
size of 0.05um was near the apex contacting
zone.

The constitutive equation of the material
employed in the model was assumed to be a
simple power-law which is generally believed
to be applicable to normal metallic materials

as follows:
o=Fe oc<o, )
o= Ag,+ 8" )

g =(0,/4)"~(0,/E) o>0, ()

where o is true stress, € true strain, E Young’s
modulus, o, yield stress, A work hardening
coefficient and n work hardening exponent.
Therefore, we have to identify the following
material constants; 6,, A and n through the
inverse analysis on the L-D curve. The inverse
described in detail

analysis method is

elsewhere®.

3. Results and discussion

Figure 2 shows the ratio of hardness in the
irradiated region to that of the unirradiated
region in the S, M and L divisions. The result
for a stress-free specimen is added to Fig.2.
The irradiated layer of all specimens was
hardened by irradiation. The ratio of the
stress-free specimen was higher than those of
the stressed specimens. It is well known that
the increase in hardening of solution-annealed
material is higher than that of cold-worked
material in the same irradiated condition. The
degree of hardening did not depend on the
external stress level in this test condition. It
was considered that little difference in
hardening was attributed to the applied stress
levels.

The constitutive equations identified for the
irradiated layer with or without applied stress
were used for the FEM analysis to obtain the
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stress-strain relationship. A two dimensional
axisymmetric model as shown in Fig.3 was
used for the analysis. The model has a high
mesh density around the center of the
specimen. The deformation of the specimen
was calculated by the FEM code. Figure 3
'shows the calculated nominal stress-strain
curves of the irradiated specimen with or
without applied stress. The analytical results
indicated irradiation hardening and ductility
loss from the very shallow irradiated layer. It
was considered that there was little influence
of applied stress on yield stress and nominal
stress-strain curve of the irradiated specimen
in this test condition.

4. Summary
The mechanical properties of type 304

austenitic stainless steel irradiated under

Table 1 Chemical composition of the material in wt%

external stress were examined using a
nanoindentation technique combined with
mnverse analysis using a finite element method.
The degree of hardening did not depend on the
external stress level in this test condition.
From the analytical results, there was little
influence of applied stress on yield stress and
nominal stress-strain curve of the irradiated

specimen in this test condition.
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4.5 Triple Ion Beam Irradiation Effect on Structural Material
of Mercury Target for the Spallation Neutron Source
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1. Introduction

The pulsed spallation neutron source of
the MW class is being developed in the
world. The Japan Atomic Energy Research
Institute (JAERI) develops and constructs
the pulsed spallation neutron source under
the J-PARC (Japan Proton Accelerator
Research Complex) project in corporation
with the High Energy Accelerator Research
Organization (KEK). The neutron produced
in mercury target will be used in innovative
researches associated with the material and
life sciences.

Material of mercury target container will
be degraded by proton and neutron
irradiation. Moreover, a cavitation will
occur and cavitation bubbles will collapse
in the mercury to make pitting damage on
the container contacting with liquid
mercury”. Since the degradation by the
pitting damage has a correlation with
hardness of the material”, it is supposed as
one of methods to extend a lifetime of the
target container by hardening the surface of
the container material. We conducted the
triple-ion irradiation test on nitriding or
curburizing hardening-treated surfaces of
the type 316 austenitic stainless steel to
simulate the irradiation damage®. These
materials hardly showed the change of the
after the

consider these hardening treatments are

hardness irradiation and we

useful to suppress the pitting damage.

Surface treatment by laser alloying was

" carried out on the type 316 SS which can

realize hard layer thicker than that of the
nitriding and curburzing treatment and the
triple-ion irradiation test on this material
was carried out at the TIARA facility.

In this
mechanical property is described based on
the results of the bardness test and the
observation by the

report, the change of the

scanning clectron

microscope (SEM).

2. Experimental

The laser alloying surface treatment was
applied on the surface of a substrate of type
316 SS, which is the candidate material for
the mercury target container. In this laser
alloying, mixed powder of aluminum and
silicon (Al:Si = 3:2) was used for an alloy
on the surface of the substrate by using the
laser under the optimized condition for this
alloying. The size of the test piece was 3x
2 x 6 mm’.

The triple-ion irradiation test was carried
out at the TIARA facility in consideration
of the
cross-section of the specimen including the

spallation  condition. ~ The
laser alloying layer was irradiated at 200°C
by 12 MeV Ni'", 380 keV H" and 1.1 MeV
He*. The amount of radiation damage was
10 dpa, and the amount of injected H" and
He™ was about 2000 appm/dpa and about
200 appm/dpa, respectively, taking into

account of the spallation condition. The
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hardness of the irradiated surface was
measured by the micro-indenter. The SEM
height
measurement on the irradiated surface were

observation and a distribution
carried out by using the SEM and the laser
microscope, respectively.

3. Result

Figure 1 shows the hardness distribution
of the laser alloying surface layer. The
thickness of the hardening layer is 150 pm
from the surface as shown in Fig.1. The
hardness of the laser alloying layer
decreased to about 1000 Hv from 1200 Hy
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Fig.2 Effect of irradiation on hardness

due to the irradiation. Figure 2 shows the
change in hardness of the laser alloying
material due to the irradiation of the triple
ion beam comparing with the case of the
nitriding material and the carburizing
material which were irradiated under the
same condition as that of the laser alloying
case. Hardness of the laser alloying layer
was the highest in the non-irradiation case.
However, the hardness of the laser alloying
layer decreased after the irradiation while
those of the nitriding and carburizing layers
hardly decreased.
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Fig.3 SEM micrograph of the laser
alloying surface layer
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Figure 3 shows the SEM image of the
laser alloying layer. Change of color in the
irradiation part was observed in the laser
alloying layer. And, a needle-shaped
pattern which separated in two colors was
observed in both the irradiation part and the
non-irradiation part. The white colored part
was richer in the silicon than the gray part
from a result of the elemental analysis by
the EDAX setting on the SEM: Al:Si = 1:5
in the white part and Al:Si = 4:1 in the gray
part.

Figure 4 shows the height distribution
image and the height distribution of the
laser alloying layer measured by the laser
In the height

needle-shaped pattern was observed as well

microscope. image, the
as the pattern observed by SEM as shown in
Fig.3. And the white colored part (Si rich
part) in the irradiation area obtained by
SEM observation corresponded with the
higher part observed by the laser
microscope. Though the non-irradiation
part was flat, a swell was observed in the
irradiation part from the result of the height
distribution measurement.

Figure 5 shows the harnesses of the gray
and white parts shown in Fig.3 before and
after the irradiation. The hardness of the
white part decreased after the irradiation,
which was Si rich and swelled after the
irradiation. The decrease of the hardness
of the laser alloying layer, as shown in
Fig.1 and Fig.2, seems to be caused by the
decrease of the hardness of the white part,
which was Si rich part and swelled after the

irradiation.
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Fig.5 Comparison of the harnesses of
the gray and white parts shown in
Fig.3 before and after irradiation.

4. Summary

The effect of the irradiation on the
mechanical property of the Al-Si laser
alloying surface layer was investigated by
hardness test and SEM observation. The
hardness of the laser alloying layer
decreased after the irradiation of 10 dpa at
200°C though it showed the high hardness

before the irradiation.
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4.6 Evaluation of Material Property Change on Advanced
Fuel Cladding Material by Triple Ion Irradiation

Y. Ishijima’, 1. Ioka", Y. Nanjyo', K. Kiuchi" and K. Fujimura”

Department of Nuclear Energy System, JAERI"

Japan Atomic Power Company ™

1. Introduction

The advanced fuel cladding material,
adapted to the 100GWd/t of ultra high
burn-up extension with Mixed Oxide
(MOX) fuel, is developed on the view
points of the radioactive waste reduction,
Pu effectual utilization and improvement of

Then, microstructure changes around the
joint interface between Fe-25Cr-35Ni-0.2Ti
and Nb-5Mo were
addition,

investigated. In
corrosion resistance for
Fe-25Cr-35Ni-0.2Ti and comparisons were

investigated.

economical efficiency. A stabilized 2. Experimental
austenitic stainless steel with high Cr 2.1 Alloys
concentration and high gamma phase Compositions of candidate alloys and

stabilization, Fe-25Cr-35Ni-0.2Ti, has been
adopted for the candidate fuel cladding
material. In addition, niobium alloy,
Nb-5Mo, has been adopted to improve
pellet-clad interaction (PCI) resistance for
the candidate liner material. The purpose
of this study is to clarify the reliability of
the joint composed of austenitic stainless
steels cladding (Fe-25Cr-35Ni-0.2Ti) and
niobium alloy liner(Nb-5Mo) under the
ultra high burn-up condition.

For evaluating a change in material
characteristics, the joint,
Fe-25Cr-35Ni-0.2Ti  and  comparisons
(SUS304L, SUS316L) were irradiated with
triple ion beams of Ni**, He" and H' that

simulate ultra high burn-up condition.

Table 1 Chemical compositions of candidate and conparison materials.

comparisons are shown in Table 1.
Fe-25Cr-35Ni-0.2Ti was made through
induction melting (VIM) and
electron beam melting (EB) methods.
Nb-5Mo was made through EB method. The
joints were made by hot rolling (rolling

vacuum

ratio: 0.7, rolling temperature: 973-1773 K)
after Fe-25Cr-35Ni-0.2Ti and Nb-5Mo were

enclosed in a steel capsule in vacuum.

2.2 Irradiation specimen

The block specimen was rectangular
parallelepiped block of 6x2x3mm’ cut from
the joint and the joint interface was
allocated at the center of specimen., The
disk of ¢ 3x0.2 mm was cut from

Fe-25Cr-35Ni-0.2Ti and comparisons. The

Composition (wt%o) *
Material Fe |Nb| cr Ni | Ti c N o s Si_ | Mn P | Mo| Ta
Candid Fe-25Cr-35Ni-0.2Ti | bal. - 2490 | 3649 | 0.22 | 0.0003 0.0007 | 0.0002 0.001 <0.005 | <0.01 { 0.001
andidate
Nb-5Mo 0.03 | Bal. - - - <0.001 0.0034 | 0.0025 - - - - 501 018
. 316LSS bal. - 17.584 | 12,88 - 0.008 - - 0.001 0.43 0.83 ) 0.023 | 2.11
Comparison -
304L8S bal. - 18.43 9.78 - 0.009 - - 0.001 0490 0.8S 0.020
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block specimen was polished by ~water
abrasive paper to #2400 on the irradiation
side. The disk specimen was buff-polished
on the irradiation side and then it was
polished

electro-chemically prior to

irradiation,

2.3 Irradiation

For simulating the neutron irradiation
under 100GWd/t of ultra high burn-up
extension, the specimens were irradiated by
triple ion beams, 12MeV Ni**, 380KeV H
and 1.1MeV He®, at TIARA facility in
JAERI  Takasaki. In
temperature of the specimen was kept at
573 K. He" and H® were irradiated through
the energy degraders to be spread at the

irradiation,

implanting  range. Distributions  of
displacement damage and each implanted
jon in the specimen were calculated with
SRIM 2003 code. He’
assumed to be located at 1.0-1.5 pm from
the bombarded

Displacement

and H® were
surface based on the
calculation. damage was
adjusted up to 15 dpa at the depth and H and
He concentrations were adjusted to 20
appm/dpa and 2 appm/dpa, respectively.
The displacement damage was smaller than
a value (50dpa) under the condition of
100GWd/t.

2.4 Micro hardness measurement

The nanoindentation test was carried out
on the surface of irradiated and unirradiated
specimen around the joint interface at room
temperature. The applied load was 5g with
0.45g/sec. A DUH-601 (Shimadzu Co.)
testing machine with a triangular pyramid

indenter was used for the test.

2.5 Microstructure and microchemistry

observation

Microstructure observation was carried
out by transmission electron microscopy
(TEM).
10x10x0.1 pm by focused ion beam method

TEM specimen was cut out with

(FIB) at right angle to the joint interface.
Microchemistry measurement was carried
out by Auger electron spectroscopy (AES).

2.6 Corrosion resistance evaluation
Corrosion test was carried out by Straus
corrosion test with the corrosion time of
lsec to prevent loss of test specimen.
After

observation was carried out by scanning

corrosion  test,  microstructure

clectron microscopy (SEM) to evaluate
grain boundary corrosion.

12
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; £ Yrradiated
# Unireadisted

Hardness
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Fig. | Nanoindentation results of irradiated and
" unirradiated joint interface.

Fig. 2 TEM micrograph of irradiated joint interface.
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3. Results and Discussion
The results— of
measurement are shown in Fig. 1.

hardness
After
of the -joint

micro
irradiation, the hardness

interface was uniformly increased in
4gf/um® but it was no remarkable. The
results of TEM observation are shown in
Fig. 2. Irradiation defect was observed as
darker contrast uniformly but no growth
of defect was observed at the irradiation
condition. White spots were observed at
the joint interface, but no diffraction pattern
Thus, it
was suggested that these white spots were
The results

of AES observation are shown in Fig. 3.

and no element were observed.
considered to joining defects.

This result shows that no radiation induced
segregation and precipitation has occurred.

g 38 838

Atoroic percant (%)
3 8 5 8

2

o
o
-3

Dustance fun)

Fig. 3 AES result of joint interface.

Above
remarkable degradation could not occur in

results  suggests that the
joint interface under the ultra high burn-up
The results of SEM observation
are shown in Fig. 4. After corrosion test,
Fe-25Cr-35Ni-0.2Ti and SUS316L showed
good corrosion resistance. However,
SUS304L showed white line parallel to
It was considered that the

condition.

grain boundary.
white line appeared due to radiation induced
segregation. This result suggests that
Fe-25Cr-35Ni1-0.2Ti has

resistance after irradiation.

good corrosion

4. Conclusion

The joint interface showed no remarkable
radiation hardening, good microstructure
stabilization and no radiation induced
segregation. In addition,
Fe-25Cr-35Ni-0.2Ti showed good corrosion
resistance. As a result, the candidates
have good reliability under the ultra high

burn-up condition.
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Fig.-4 SEM micrographs after corrosion test, (a) )
candidate stainless steel, (b) SUS316L, (¢ ) SUS304L

— 211 —



JAEA-Review 2005-001

IARREVH AR

JP0650229

4.7 Observation of Microstructural Changes in Li,TiO; Caused
by Multi-ion Beam Irradiation

D. Yamaki, T. Nakazawa, T. Tanifuji, T. Aruga and S. Jitsukawa
Department of Materials Science, JAERI

1. Introduction

Li,TiO; is regarded as one of the most
suitable candidates for the solid tritium
breeder material of D-T fusion reactors”. It
is known that, in an operating fusion reactor,
the radiation damage in Li,TiO; will be
caused by fast neutrons, energetic tritons
and helium ions generated in °Li(n,a)’H
reaction. The irradiation damage caused by
such radiation may result in the
microstructural changes, and the changes
may affect the characteristics of Li;TiO;

such as tritium release behavior. Thus the

study of irradiation  defects and
microstructural change caused by
irradiation in Li;TiO; is essential to

evaluate its irradiation performance.

Simulation of the fusion reactor
environment and hence the study of a
synergistic effect of atomic displacement
damage in Li;TiO; are presumed to be
approached by a simultaneous irradiation
with "triple" ion beams which consist of
0", He" and H' ion beams. In the previous
study, the formation of the anatase (Ti0-)
of Li,TiO; by

irradiation with triple ions has been found.

layer on the surface
It was also clarified that the formation was
mainly caused by the effect of knock on
with O ion beam irradiation®®, and the
amount of the formed anatase was strongly
affected by the
displacement per atom (dpa). In addition,

radiation dose in
the defects generated by irradiation would
trap hydrogen near the surface. In the
present study, the results of the FT-IR

photoacoustic spectroscopy (PAS) with
Li,TiO; samples irradiated with the single
with  the
simultaneously and with the triple ion

beams, triple ion beams
beams sequentially were analyzed to study
the relation between the irradiation effects

and the microstructural change.

2. Experimental

of the Li,TiO;
samples used in this experiment were
described in ref.3. The Li»TiO; samples
were irradiated at 573K with the single and
the triple ion beams of 0.25 MeV H', 0.6
MeV He' and 2.4 MeV O”". The fluence of

The characteristics

the respective ions was about 3x10° -

1x10%! ions/m> .The ion energies were so
chosen that the projected ranges of the
irradiated ions in Li,TiO; were around 2
effects of

simultaneous multi-ion beams irradiation,

m?. For estimatin the
p g

simultaneous and sequential irradiation of

the threc kinds of ion beams were
performed.

Using the  FT-IR photoacoustic
spectroscopy  (PAS) technique,  the

non-irradiated  sample, the  samples
irradiated with the triple ion beam and the
samples irradiated by the single ion beams
were examined in order to obtain
information near the end of the ion range.
The photoacoustic signal was generated
from the surface layers of the sample with a
thickness of some micrometers, which is a
function of the mirror velocity of the FT-IR

interferometer and wave number. In this
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case, the mirror velocity was 2 cm/s that
corresponds to the thickness of about 15-5
um for 400-4000 cm™, so that the spectra of
irradiated samples are a superposition of
spectra of irradiated and non-irradiated
zones of the sample. '

3. Results and discussion

The FT-IR PAS of the
non-irradiated sample is shown in Fig. 1.
The characteristic peaks in FT-IR PAS
spectra were observed around 680, 780, 880,
1090, 1430, 1480, 1570, 3150 and 3450
cm’'. In comparison to the reported spectra
of TiO, and Li,TiO;, 680 and 780 cm’
peaks are identified from Ti-O bond, and
1570, 3150 and 3450 cm™ peaks are from
the O-H bond in hydroxyls adsorbed on or
near the surface®.

spectrum

6

~ w ~ w

Signal Intensity {(arb.)

-, P T S L L 1 " 1 " 1 PE o
0
500 1000 1500 3000 3500
Wave Number [em 1]

FT-IR PAS
sample.

Fig. 1
non-irradiated Li,TiO;

spectrum  of
Dashed
lines are the results of peak analysis.

Among the observed peaks, irradiation
effect is clearly found for 780 and 3450
cm” peaks. Figure 2 shows the relation
between dpa and the 780 cm™' peak area
from the Ti-O bond, for each irradiation.
The dpa was estimated with the TRIM code.
It is shown that the peak area increases in
proportional to the dpa, and any difference
is not observed in the dependence of the
peak area on dpa among the single, the
simultaneous triple and the sequential triple
lon beams irradiation, as shown in Fig.2.
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Fig. 2 Dependence of the 780 cm™' peak
area on dpa.

Figure 3 shows the relation between dpa
and the increase of 3450 cm™ peak area,
which is due to the O-H bond. For the
single and the

simultaneous  triple

irradiation, the peak area increases
proportionally to the dpa, respectively.
However, the increase of the peak area for
the simultaneous triple irradiation seems to
than that for the

sequential

be smaller single

irradiation.  For the triple
irradiation, the peak area for the samples
which with 0%
simultaneous dual irradiation of He" and H,
and with He’ dual

. . . 2.
irradiation of O°" and H' seems to have

irradiated after

after simultaneous
similar dependence on dpa to that for the
case of simultaneous triple ion beams. On
the other hand, increase of the peak area in
irradiated with H"
simultaneous dual irradiation of He" and

the samples after
0%, and with He" and H' simultaneously
after O°" irradiation seems to be smaller
than that for the
irradiation samples. This result may suggest

simultaneous triple
that H' implantation affects the generation
of hydroxyl near the surface by trapping
hydrogen in the irradiation defects and the
effect of implantation is larger in the case
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where the implantation is performed after
introducing the defects than that performed

simultaneously.
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Fig. 3. Dependence of the 3450 cm’' peak
area on dpa. Notation for the sequential
‘CA —_ B7’

irradiation of beam B was performed after

irradiation as means that

closing of irradiation of beam A.

4. Conclusion -

The microstructural changes in Li,TiOs
irradiated with the H', He" and O”" beams
were observed by FT-IR PAS. The results
suggest that the amount of Ti0, formed is
propdrtional to the dpa and that the method
of irradiation, that is, single, simultaneous
triple or sequential triple, does not affect
the dependence of formation of TiQ;. On
the other hand, the amount of defects

generated by  irradiation, which s
considered to trap hydrogen near the
surface, is found to be affected by the
method of irradiation. The results suggest
that the H* irradiation after introducing the
defects
hydroxyl generated near the
Further study of ‘the effects

irradiation is needed.

may degrade the amount of
surface.

of H'
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4.8

In-situ TEM Observations of Mobility of Interstitial-type

Defect Clusters in Cu and Au under Irradiations with Heavy

Tons

H. Abe*, N. Sekimura** and H. Itoh ***
Nuclear Professional School, University of Tokyo*

Department of Quantum Engineering and Systems Science, University of Tokyo**
Department of Materials Development, JAERI***

1. Introduction

with ions and neutrons

introduces lattice defects in materials. When

Irradiation

kinetic energy of more than a few keV is
transferred to a primary knock-on atom, dense
displacements, so-called a displacement
cascade is generated. It is characterized as a
local volume of the order of 10° to 10* atoms
spontaneously melted and rapidly cooled to
leave vacancies and interstitial atoms. Defect
clusters may therefore be formed after the
cooling phase and can be simultaneously
with electron

(TEM)

accelerators. The recent molecular dynamics

observed” transmission

microscopes mterfaced with ion
simulations and experimental investigations
" claimed that the formation of tiny
crowdion-related interstitial-type dislocation
loops associated with displacement cascades in
pure metals. By in-situ TEM work " were
successful to observe interstitial-type defect
clusters were detected at the temperature of
vacancy-mobile regime. Due to their size and
short lifetime, such the defects have not been
detected by the conventional TEM.
Development of modified weak-beam
dark-field (WBDF) method, which allows
highest resolution detecting weak strain field
around defects, was required. The purpose of
this study is to summarize experimental
highly-mobile
crowdion-related interstitial clusters by in-situ
TEM observations under ion irradiations.

evidences of and

2. Experimental procedure

Well-annealed copper and gold disks were
electrochemically perforated to achieve
electron-transparent thin foils. Irradiation was
performed with 240 keV Cu” ions or 900 keV
XeS+ 1011
temperatures ranging from 573 K to 823 K.

ions and 5 x ions/cm’s  at

Taking the irradiation geometry into account, -
projected ranges from the sample surface were

estimated as 57 and 110 nm for the Cu and Xe

ions, respectively, by TRIM calculations.
Thickness of the observed regions was fixed at
50 nm, so as to achieve the identical
implantation rate and to allow quantitative
analysis such as areal density measurements of
defect clusters. Microstructural evolution was
observed mainly with the WBDF technique (n
= [001], g = 200, g (4-6g)). The sample
geometry and the g vector were carefully
chosen to minimize sample vending effect on
the microstructure. The image was videotaped
with time resolution of 1/30 s and analyzed
without image processors to achieve the

maximal time resolution.

3. Results and discussion

Majority of defect clusters formed under
ion irradiation was vacancy-type clusters
(V-clusters) and stacking fault tetrahedra
(SFTs); their lifetime ranges below tens of
seconds. In addition to the V-clusters, the
(I-clusters)
observed to have lifetime of several thirtieth

seconds at temperatures from 673 to 823 K.

interstitial-type - ones were
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Some of them became mobile, indicating
sessile-to-glissile transition of I-clusters. The
Burger’s vectors of sessile and glissile defects
are presumed to be b= 1/3 {111} (111) and
b=1/2 {110} (110), respectively, according to
molecular dynamics simulations. The glissile
defects were typically several nm in diameter
and short lifetime less than several thirtieths of
a second.

The typical features of the mobile defects
back-and-forth
migration with an amplitude of approximately

were (1) one-dimensional
5 nm and a frequency of 1 s’! or more, and (2)
one-directional motion with velocities ranging
from 50 to >10° nm/s. The mobility of the

defects appeared to be significant in <110>

direcﬁons. Further, the defect motion was
retarded by an increase in the irradiation
fluence, indicating the motion was influenced
by accumulation of point defects in matrix.
The formation rate of the mobile defects
was investigated as a function of irradiation
temperature, ion species and iom flux. The
higher formation rate for irradiations with
heavier ions and a monotonous decrease in the
formation within the investigated temperature
were observed. The ratio of the formation
probability of glissile clusters for Xe against
Ar was estimated to be 2.5 to 4 depending on
the temperature. On the contrary, estimation of
cascade formation by an application of TRIM
code gives the ratio of 6. The result suggests
elimination of the glissile clusters among
densely distributed subcascades. The result is
consistent with the MD simulation results
wherein the bundled crowdions are formed at
the periphery of the displacement cascades.
The
transition per ion (p) was observed to be

probability  of sessile-to-glissile

nonlinear against the ion flux (¢ ):

pec ¢ 't (for 240 keV Cu).
The deviation from linearity indicates
reactions among individual objects and

impacts, whereas the lincarity is generally
interpreted that an object transforms into the
other form by an impact. The pre-existing
sessile clusters transform into glissile ones
presumably through intercascade reactions.
Another expected factor on the nonlinearity is
the change in stability of the interstitial-type
defect clusters influenced by evolution of
point defects.

A model for the observed phenomena is,
therefore, proposed as follows: glissile defects,
presumed to be identical to a bundle of
crowdions, are formed during the displacement
cascade process. Due to the low activation
energy for the crowdion bundle motion, a large
diffusion length in micrometers is achieved
cven at low temperatures. The motion of
crowdion bundles is retarded by lattice defects
introduced under irradiation because they
work as diffusion obstacles.

4. Conclusions
Simultancous microscopic observations
under ion irradiations were performed in Cu
and Au in a TEM interfaced with an ion
accelerator. The interstitial-type
defects, which have high mobility and short

lifetime under ion irradiation at temperatures

glissile

of vacancy-mobile regime, were successfully
observed. A proposed mechanism has partly
been confirmed with molecular dynamics
simulations.
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4.9 Growth Mechanism of Cubic Titanium Nitrides Thin Films

by Nitrogen-Implantation

Y. Kasukabe”, J. J. Wang“> T. Yamamura™", S. Yamat/notom and M. Yoshikawa"™"
International Student Center, Tohoku University”

Department of Metallurgy, Tohoku University"

Department of Material Development, JAERI™

1.Introduction

Cubic titanium nitride (TiNy) of NaCl-type
has widely been used for many purposes such as
a hard wear-resistant coating in cutting tools, a
diffusion barrier in microcircuits, etc.”?
Recently, it was reported that NaCl-type (110)-
and (001)-oriented TiN, crystallites were
“epitaxially”  grown bby
implantation into CaF,-type (110)-oriented TiH,
and (03+5)-oriented hcp-Ti in deposited Ti films
held at room temperature (RT).Y However, the
detailed “epitaxial” nitriding mechanism of Ti
films during N-implantation have not yet been
understood.

The purpose of this study is to elucidate the
nitriding mechanism of deposited-Ti films. In
this paper, the “epitaxial” growth mechanism of
TiN films, especially the changes in the bond
strength, by N-implantation were examined by
in-situ transmission electron microscope (TEM)
observations, in-situ electron energy loss
spectroscopy (EELS), and a self-consistent
charge discrete variational (DV)-X & molecular

orbital (MO) calculation.

2.Experimental

Detailed descriptions of the preparation of
deposited-Ti films were presented in the earlier
The 100-nm-thick Ti films were
deposited by an electron-beam heating method

paper.”)

in an ultra-high vacuum onto thermally cleaned
NaCl substrates held at RT. The implantations
of N," ions with 62 keV into the deposited Ti
films held at RT were performed in the 400 kV

nitrogen  (N-)

analytical and high resolution TEM combined
with ion accelerators at JAERI- Takasaki.”
According to the Monte Carlo simulation using
the SRIM2003 code, the projected range of N,*
with 62 keV was 55 nm, and thus most of the
implanted ions are thought to be retained inside
the Ti films.
were able to be estimated from the implantation

The N- concentrations in Ti films

dose¢ measured by a Faraday cage. The
maximum dose in this experiment was 3.66x10"’
ions/cm’, which corresponded to the N/Ti ratio
of 0.645 (the average atomic concentration of N
in the Ti film).

3.Results and discussion

In-situ observations by TEM elucidated that
deposited Ti films grown on thermally cleaned
NaCl (001) surfaces held at RT consisted of (03¢
5)-oriented hep-Ti (lattice constants: a=0.296 nm,
¢=0.471 nm) and (110)-oriented CaF,-type TiH,
(lattice constant: a=0.441 nm). The areas
where the TiH, was grown, had the band-like
contrast elongated along the <110> direction of
TiH, and NaCl. The N-implantation into the Ti
films results in the epitaxial growth of the (001)-
and (110)-oriented NaCl-type TiN, (N/Ti=0.645,
lattice constant: a=0.422 nm).

Figures 1 and 2 show electron energy loss
spectra taken from the nitriding area of TiHx and
from that of hcp-Ti, respectively. Analysis of
EELS spectra has elucidated that the loss energy
(about 20 €V, indicated by ¥ in Fig. 1(a)) due
to the excitation of a plasma oscillation for TiH,
is different from that (about 17.5 eV, indicated
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by ¥ in Fig. 2(a)) for hep-Ti. The loss peak
(about 47 ¢V ) denoted by the line of Ti3p-3d is
due to the Ti3p-3d resonant photoemission.

The loss peak indicated by V¥ in Fig. 1 (b)
has been shifted to lower loss energy, compared
with that in Fig 1 (a).b This means the release
of H from the TiH,. On the other hand, there is
no shift of the loss peak indicated by ¥ in Fig.
2 (a)-(b). In light of these results, it can be
concluded that the release of H from the TiHx
occurs preferentially rather than the occupation
of N in O-sites of the H-escaped fecc-Ti
sublattice, in the early N-implanting stage.

Now, the loss peak due to the plasma
excitation in both Figs. 1(b)-1(e) and 2(b)-2(e)
has been gradually shifted to higher loss energy
in the subsequent N-implanting stage. This
means that the electron density in the hybridised
N2p/Ti3d valence band has increased gradually
with the dose of N, and that the number of N
atoms bonding to Ti atoms’ has also increased.
It can be considered that the increase in the
clectron density of the hybridised band leads to

s :
-‘g . o~
= ;
~ = @
f . T —
& H
2 : (c)
Qg ! -\
s (b)
~—
E T —
(a)
\
0.0 20.0 40.0 60.0
Energy Loss (eV)
Fig. 1 Variation of EELS spectra for nitriding
of TiH,. N/Ti ratios are (a) 0, (b) 0.077, (c)

0.266, (d) 0.415. (e) 0.645.

the reinforcement of covalent bonds. The loss
peaks (-16.0 V) denoted by the dotted lines in
Figs. 1 and 2 can be seen at N/Ti>0.266.
This peak is considered to be due to excitation of
N 2s electrons to the conduction band.

To investigate changes in the strength of Ti-Ti
and Ti-N bonds of N-implanted Ti films in detail,
DV- Xa MO calculations have been performed
for Tijo cluster and Ti;oN cluster models shown
in Fig. 3. The Tiy, cluster of Fig. 3 corresponds
to a part of bulk ideal hcp-Ti structure. The
nitrogen atom as indicated by G occupies the
O-sites of the octahedron as formed by A-F
atoms in the hcp-Ti sublattice.

The Mulliken overlap population (OP) value
of each bond between Ti atoms and between Ti
and N atoms for Tiys and Ti;oN cluster models in
Fig. 3 has been inspected in detail, and is shown
in Table 1. The values of OP refer to the
strength of covalent bonds. Table 1 shows the
existence of relatively large differences between
the OP value of A-B, A-C, A-D, A-E atoms and
that of A-I, A-H atoms, and between the OP

Ti 3p-3d
) : Q,
8 : (d)
= :

& ;

= ; (©)

g ()

E ——
(2)
—\\

0.0 20.0 40.0 60.0
“Energy Loss (eV)

Fig. 2 Variation of EELS spectra for nitriding
of hep-Ti. N/Ti ratios are (a) 0, (b) 0.077, (c)
0.266, (d) 0.415, (e) 0.645.
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Fig. 3 Schematic illustration of Ti;y (without an
open circle) and TigN cluster models. Solid and
open circles represent Ti and N atoms, respectively.
An octahedron is indicated by A-F atoms.

value of C-B, D-E atoms and that of C-I, D-H
atoms for Ti;oN, compared with those for Tijs.
This indicates that bonds between Ti atoms of
the octahedron occupied by N atom at the center,
as the octahedron ABCDEF in Fig. 3, weaken,
whereas bonds between Ti atoms of the
octahedron not occupied by N atoms, as the
octahedron ACDHIJ, are not changed, or rather
strengthen a little. The weakening of bonds
caused by the occupation of the O-sites by N
atoms induces expansion of the spacing between
(00 - 1)-planes, which results in the lattice
expansion of hep-Ti by N-implantation. On the
other hand, the OP of Ti-N bonds as A-G and
F-G bonds becomes relatively large compared
with the OP of Ti-Ti bonds in the octahedron
ABCDEF in Fig. 3. Thus, it can be considered
that the strengthening of the A-G and F-G bonds

induces the shear in the FL <01+0> direction on

Table 1. Overlap population of each bond between
Ti atoms for the Ti; and Ti;oN cluster models.

Cluster 2B A"C A1 AH C-B.DE CLD-H
A-D, A-E.
Model atoms atoms atoms
atoms
Tio 0.231 0.231 0.319 0.319
Ti;oN 0.135 0.254 0.348

0.200

the (00-1)-plane including B, E, F atoms in Fig.
3. In order to obtain an fcc sublattice by the
hep-fee transformation, the atoms on the (00:1)-
plane including B, E, F atoms in Fig. 3 have to
be shifted. The direction of shift is the FL
<01+0> direction. After the shift, the F atom,
for example, has to be at the center of gravity of
the BEF triangle. The projected line of line FA
to the (00-1)-plane including B, E, F atoms in
Fig. 3 is on the line FL. Thus, the shift of the F
atom to the center of gravity of the triangle BEF
induced by the forming of the strong A-G and
F-G bonds and the weakening of the C-B and
D-E bonds in Fig. 3 can be considered to be the
origin for the hcp-fcc transformation of Ti
sublattices.
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1. Introduction

The implantation of helium into materials can
be used to produce specific microstructures on
the surface region, such as bubbles, blisters and
craters, with unique properties for the
application of catalysis. These structures have
potential for the increasing effective surface area
and the improving photocatalytic activity. The
formation of helium bubbles and blisters in
materials is a complex phenomenon depending
on the helium implantation energy, fluence,
temperature and thermal treatments after the
implantation.

In the present study, we explore the suitable
condition for helium blister formation in
epitaxial TiO, film by helium implantation at
room temperature. The observation of helium
blisters in film surface was made with scanning
electron microscope (SEM). The optimal
implantatioh conditions for the blister formation

are reported.

2. Experimental

TiO, films were deposited on a-AlO;
substrates by pulsed laser deposition (PLD)
using a KrF excimer laser (wavelength: 248 nm,
Lambda Physik). The laser beam was incident
on a target with an incident angle of 45°. It was
focused to a 2 mm x 3 mm rectangle on a

single-crystal TiO- (rutile type) target (¢ 35 mm).

Typical laser energy and repetition rate were 150
ml/cm?® and 5 Hz. In this study, ~500 nm thick
TiO, films were deposited at 500°C under the
oxygen pressure of 2 Pa. '

The deposited TiO. films were irradiated at
room temperature with 1~4 keV helium ions up

to fluence range from 1 x 10" to 2.3 x 10"
jons/cm’. Implantation of helium ions was
carried out using a 4 kV ion gun. The irradiation
chamber was evacuated up to a base pressure of
about 3.7 x 10°Pa using a turbomolecular pump.
Helium gas (purity: 6N) was introduced up to
3.0 x 10” Pa during the implantation. The beam
current density was 1 },LA/cm2 through a circler
slit with 5.5 mm in diameter.

The surface morphology of the deposited films
was examined using a high-resolution field
emission SEM (JSM6700F, JEOL). Rutherford
backscattering spectroscopy with channeling
(RBS/C) using a 3 MV
single-stage-accelerator at JAERI/Takasaki was

analysis

employed to characterize crystal quality of the
epitaxial thin films. The analyzing 2.0 MeV *He'
ions were incident and backscattered particles
were detected at 165° scattering angle with a
surface barrier detector.

3. Results and discussion

The suitable condition for high quality
epitaxial TiO- (100) films with rutile type was
following conditions; laser energy: 150 mJ/cm’,
2 Pa,
target

oxygen gas  pressures: substrate
500°C,

single-crystal TiO: (rutile type). The quality of

temperature: species:
epitaxial TiO» (100) films was characterized
through the RBS/C analysis. Figure 1 illustrates
2.0 MeV “He' RBS spectra for the TiO: film on
the a-AlQ; (0001) substrate taken under the
random and the axial channeling conditions. The
aligned spectrum was taken with the incident
beam directed along the <100> axis of the TiO;
film.
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Fig. 1 2.0 MeV “He" RBS/C spectra for

deposited TiO; films on the a-Al,05(0001)
substrate. The thickness of TiO; film is 500 nm.
The aligned spectrum was taken with the beam
directed along the <100> axis of the Ti0, film.

In the RBS spectra of Fig. 1, one can recognize
clearly the separated peaks from the TiQ, film
and a-Al,O; substrate. The peak at 1.45 MeV
corresponds to the Ti component in the TiO,
film. Judging from the peak.intensity, the high
quality TiO, film is grown up from the interface
between the film and the substrate. The interface
is not mixed with each other within the depth
resolution (~10 nm) of this technique. The
minimum vield, Ymn value, the ratio between the
random and the axially aligned yield at the fixed
depth near the surface region, gives a measure to
evaluate the degree of disorder in crystalline
solids. The ymin value in the <100> aligned
spectrum is 0.02 at the just area behind the
surface peak of the Ti component in the TiO,
film, which suggests that the crystal quality of
the TiO, film is high enough as a bulk
single-crystal. The planar channeling analysis
around the major axes of the TiO, film and the
a-Al,Os gives the evidence that the TiO, <100>
crystallographic axis is parallel to the a-AlO;
<0001> axis.

The SEM image of the Ti0Q, (100) film
unimplanted and implanted region with 3 keV

— 221

Fig. 2 SEM image of the Ti0, (100) film,
unimplanted and implanted region. The TiO;
film was irradiated with 3 keV helium ions
at room temperature, fluence of 1.0 x 10"
ions/cm‘ions.

helium ions at room temperature is shown in Fig.
2. The TiO; film was irradiated with the helium
fluence of 1.0 x 10 jons/cm’. It can be seen
from Figure 2, smooth surface structure is
observed in unimplanted region, and uniform
blister formation with about 100 nm sizes is
recognized in the implanted region. In general,
the size of blisters produced in metal surfaces by
helium implantation with a fluence of 10"
ions/cm® range at room temperature is about
several pm. In comparison with helium blister
formation in metals, the size of blister produced
in TiO, films is extremely small.

Figure 3 shows SEM images of the TiO,(100)
films irradiated with the helium fluences of (a)
1.8 x 107 ions/cm” and (b) 2.3 x 10" ions/cm®,

respectively. The film samples were irradiated

~with 3 keV helium 1ons at room temperature. In

Figure 3 (a), one can recognize helium blisters
with about 100 nm size were produced without
cracks on the blister surface. Further increase of
helium implantation fluence up to 2.3 x 10"
jons/cm®, cracks and holes are formed in the
blister surface. These results indicate that
exfoliation of flakes of the TiO, film occurs
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Fig. 3 SEM images of the TiO;(100) films
irradiated with the helium fluence of (a) 1.8
10" jons/cm® and (b) 2.3 x 10" ions/cm®. The
film samples were irradiated with 3 keV
helium ions at room temperature.

with helium ion fluences higher than about 2 x
10'7 ions/cm”. In the samples made by helium
implantation with 1~4 keV at room temperature,
helium blisters with about 100 nm size were
formed at 2~4 keV helium ion fluences higher
than about 4 x 10'® ions/cm’,

To determine the radiation-induced damage
depth profile near surface region, TiO, films
irradiated with helium ions were examined by
RBS/C. Figure 4 illustrates 2.0 MeV “He" RBS
spectra for the rutile TiO, (100) film irradiated
with 3 keV helium to a fluence of 1.8 x 10"
jons/cm’® at room temperature taken under the
random and the axial channeling conditions. The
RBS spectra from unimplanted sample are
shown in Fig. 1 for comparison. The RBS
spectra taken under Ti0,<100> axial channeling

- condition in Figure 4, the RBS yield (at 1.45
MeV) from Ti component in the TiO: film

Yield (counts)

1000 T T T T T T T T T T ¥ T T T

800 | O Ti ]

600 -
Random

TiO,<100>

1 1.5 2
Energy (MeV)

Fig. 4 2.0 MeV *He" RBS spectra for the
rutile Ti0, (100) film irradiated with 3 keV
helium ions to a fluence of 1.8 x 10'7 ions/cm’
at room temperature taken under the random
and the Ti0,<100> axial channeling
conditions,

reaches the random level. In addition, the RBS
yield from oxygen component (at 0.74 MeV) in
the film is also increase. These increasing of the
RBS yields
radiation-induced damage exists only near the
surface region (~20 nm) of the TiO- film.

indicate that helium

4. Summary

We have studied the formation of helium
blisters in epitaxial rutile TiO, (100) films
grown on a-Al,03 (0001) substrate as a function
of the implantation fluence and energy at room
temperature. The surface morphology of TiO,
films was observed by SEM. The RBS/C was
used to determine the radiation-induced damage
depth profile near surface region. Helium
blisters with ~100 nm in TiO, films were
observed at 2~4 keV helium ion fluences higher
than 2 x 10" jons/cm’. Further increase of
implantation fluences higher than 2 x 107
jons/cm’, exfoliation of flakes of the TiO: film
was observed.
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1. Introduction

One dimensional materials have attracted
much attention because of its unique physical
properties”. In particular, ZnO rods have been
expected as a promising material for the UV
laser. For the growth of ZnO rods, sapphire

dispersed with a metal catalysis was often used”.

Using this substrate, ZnO rods were selectively
grown at the location wheére the catalysis is
dispersed. However, sapphire is an insulator and
not suitable for processing by the conventional
Si processing technology, it is important to
develop the technique to grow ZnO rods on Si
substrates. However, the lattice parameter and
crystal structure of ZnO are quite different from
those of Si, it is difficult to grow ZnO rods on Si
substrate. So far, although the growth of ZnO on
S1 was attempted, most of ZnO rods were grown
inclined to the substrate”. To exploit the
application of ZnO rods to novel Si integrated
optelectronic devices, the technique is required to
grow ZnO rods perpendicularly to Si substrate.
Metal ion implantation into Si substrates has
been utilized to produce various metal silicides.
The metal silicide including copper silicide has
been known that they formed the “mixing”
structure on the substrate in which metal silicide
island were surrounded by polycrystalline Si

). Considering the morphology of the

grains®
“mixing” structure, copper silicide is expected to
serve as the catalyst for the growth of ZnO rods
perpendicularly to the substrate. In this study,
ZnO rods were successfully grown almost
perpendicular to the annealed Cu-implanted Si

substrate.

2. Experimental

Si (100) wafers were used as substrates. The
size of the substrates was 5 mm x 5§ mm. Cu ion
implantation was carried out at the fluence up to
5 x 10' atoms/cm®, with an implantation energy
of 200 keV. After the Cu ion implantation, the
Cu-implanted substrates were annealed at 773 K
for 1 h under Ar atmosphere.

Subsequently ZnO rods were grown on the
annealed Cu-implanted substrate using the
chemical vapor transport (CVT) technique. Ar
was used as the carrier gas and mixed powder of
graphite and ZnO was put into the alumina boat
then was placed at the upstream of the quartz
tube. Annealed Cu-implanted substrate was also
placed at the downstream of the tube, then it was
heated up to 1223 K for 15 minutes. Surface
images of the annealed Cu-implanted substrates
and ZnO rods were taken by ficld emission
scanning electron microscopy (FE-SEM, JEOL
JSM-6700F). Those crystal structure were
characterized using X-ray diffraction (Phillips
X Pert-MRD), and the

implanted Cu atoms was

depth profile of
obtained using
Rutherford backscattering spectroscopy (RBS).

3. Results and Discussion

Figure 1 shows the distribution of Cu atoms
in the Cu-implanted substrate annealed at 773K
for 1h. The Cu fluence was 5 x 10'® atoms/cm”.
In Fig. 1, the Cu concentration at the surface was
increased twice as large as that of as-implanted
substrate (figure not shown), and this indicates
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Fig. 1 RBS spectra of Cu-implanted |

substrate annealed at 773K for 1h.

the implanted Cu atoms diffused to the surface
after the annealing.

Figure 2 is an XRD pattern of the annealed
Cu-implanted substrate. The peaks are indexed
with copper silicide such as CusSi and CusSi.
Only a little pure copper is identified with the
XRD pattern.

Figure 3 shows the surface morphology of
Cu precipitates formed on the annealed
Cu-implanted substrate. The Cu fluence was 5x

10'6 atoms/cm®. Light gray colored precipitates
with a diameter of approximately 180 nm
formed on the surface. When the Cu-implanted
substrate was annealed, implanted Cu atoms
diffused to the surface of the substrate to form
Cu precipitates. The energy dispersive X-ray
(EDX) analysis shows the Cu concentration of
the precipitates is higher than that of the surface
' of the substrate, which shows that the precipitate
was copper silicide, Cu,Si.

Figure 4 shows a XRD pattern of ZnO rods
grown on the Cu-implanted substrate. The
pattern consists of (100) and (002) planes of the
wurtzite type crystal structure of Zn0. The latter
peak is relatively higher and this shows most of
7n0O rods were preferentially grown on the

7
=
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= &
&}
20 30 40 50
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Fig. 2 XRD pattern of Cu-implanted substrate
annealed at 773K for 1h.

100nm

RTINSO

Fig. 3 Cu precipitates formed on the

Cu-implanted substrate annealed at 773K for

lh.
annealed Cu-implanted substrate along <0001>
direction, in other words, perpendicularly grown
on the substrate. The peak of (100) plane
appeared in the pattern is derived from some
7n0 rods laid on the surface. No Zn peaks in the
XRD pattern assures hexagonal shaped rods
consisted of pure ZnO. ;

Figure 5 (a), (b) are the surface images of
Zn0 rods grown on the annealed Cu-implanted
substrate. The Cu fluence was 5 X 10'
atoms/cm’. In Fig.5 (a), hexagonal shaped rods
with a diameter ranging from 400 to 1000 nm
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Fig. 4 XRD pattern of ZnO rods grown on the

Cu-implanted substrate.
were grown on the substrate. Hexagonal shape
of the rods indicates that the rods had the
wurtzite type crystal structure and were single
crystalline ZnO. In Fig. 5 (b), the ZnO rod (1)
03]
perpendicularly to the substrate. Well faceted

with a grayish cap was  grown
side surface of the hexagonal rod in the surface
image clearly indicates that the part (1) was the
ZnO rods. Such capped rods is the typical shape
of

Vapor-Liquid-Solid (VLS) mechanism using

one dimentional material via
metal catalysis®, and this indicates that the Cu
precipitates served as the catalysis for the
growth of ZnO rod. It is worth noting that ZnO
rods were grown perpendicularly to the substrate,
although ZnO has wultzite type crystal strucutre
and lattice parameter of a =b = 3.24982 and ¢ =
5.20661 A and those were quite different from
b =c = 543088 A of Si which has

diamond type crystal structure.

a:

The average density of Cu precipitates and
Zn0 rods was increased with increasing the Cu
This
precipitates served as the catalysis for the
growth of ZnO rods.

fluence. is an evidence of the Cu

S
R

N
SRR TR

Fig. 5 Surface image of ZnO rods grown on
the Cu-implanted substrate.
(a) plane view, (b) enlarged cross sectional

view.
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1. Introduction

A nanometer-sized cluster, referred to as
“nanocluster” hereafter, embedded in a matrix
exhibits unusual optical”, electrical®, and mag-
netic® properties. A large number of methods, in-
cluding co-sputtering, sequential evaporation,
sol-gel deposition and ion implantation have been
applied to preparation of nanoclusters in a matrix.
Ton implantation is very promising for the forma-
tion of nanoclusters because of its ability to con-
trol the type and concentration of the implanted
atoms. In addition, ion implantation can be, in
principle, applied for any combination of ions and
matrices.

Usually implanted atoms as well as defects do
not distribute uniformly along depth, resulting in
the depth-dependent nucleation and growth of
nanoclusters. It is, therefore, necessary to exam-
ine the depth-dependent size distribution of nano-
clusters. Cross sectional transmission electron
microscopy (XTEM) is often used to directly in-
vestigate their size. However, much effort and
time have to be paid to prepare specimens for
XTEM observation.

Alternatively, X-ray photoelectron spectros-
copy (XPS) can be used to estimate the size of
nanoclusters. It is known that the core level bind-
ing energy of nanoclusters shifis toward higher
energy from a bulk value, depending on their size.

Especially, for Au nanoclusters supported on

poorly conducting materials such as amorphous
carbon and SiO,, the relationship between Au 4f
binding energy shift and cluster size has been
well studied”. In our previous study, XPS core
level binding energies were measured for metallic

nanoclusters, such as Au, Ag and Cu, embedded

in glassy carbon (GC) to estimate their size. A
question arises, however, as to whether the rela-
tionship is applicable to the nanoclusters embed-
ded in GC. The XPS binding energy shifts arise
from charging of the cluster during photoemission.
The environment around the clusters affects the
charging itself. In addition, the interaction of the
charged cluster with the outgoing photoelectron
depends on the nature of surrounding materials in
terms of dielectric constant. The XPS binding en-
ergy shifts, therefore, would be sensitive to the
surroundings. In contrast, the spin-orbit energy
splitting in a valence band level, which is insensi-
tive to the surroundings, can be a measure for the -
size of nanoclusters. In fact, several groupss)'g)
showed that the splitting between Sds- and S5d3»
decreased with the size of Au nanoclusters.

In this work, the 5d splitting as well as the 4/
binding energy shift was measured on Au nano-
clusters embedded in GC, ALO;and Si0, to es-
timate the cluster size. The 5d splitting is not af-
fected by the sample charging during XPS, and
therefore, applicable to estimate the size of Au
nanoclusters embedded in dielectrics such as
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Al;Ozand Si0,.

2. Experimental procedure

Glassy carbon (Tokai Carbon, Japan; GC-30
grade) was mechanically polished to mirror sur-
face with 1 um diamond slurry on a cloth lap. A
single crystalline sapphire (a-ALO;) and fused
silica (Si0,) were commercially available from
Shinkosha and Sendai-Sekiei, respectively. Au”
ions with an energy of 500 keV were used to im-
plant. The implantation doses are 1x10'” cm™ for
GC and ALO; and 4x10' cm? for Si0,. Au im-
plantation was performed using a tandem accel-
erator at Institute for Materials Research, Tohoku
University. The depth distributions of implanted
atoms were analyzed by using Rutherford back-
scattering spectrometry (RBS) with 2 MeV He
ions from a single-end accelerator at TIARA. The
Au depth profile obtained from RBS determined
the etching rate by Ar 1ons in XPS analysis.

XPS analysis using non-monochromatized Mg
Ko radiation was performed with JEOL 9010. To
obtain depth profile of XPS binding energies for
the implanted Au, the surface of implanted sam-
ples was etched with 0.8 keV Ar ions from a
sputter-ctching gun equipped with JEOL 9010,
The etching rate was determined to be 0.29, 0.30
and 0.83 nm/sec for GC, ALL,Os and SiO,, respec-
tively.

3. Results and discussion

Figure 1 shows typical Au 54 valence band
level XPS spectra obtained from Au atoms im-
planted after sputter etching for 880 sec and 1200
sec, corresponding to the analyzing depths of
~255 nm and ~350 nm, respectively. The spec-
trum from a bulk Au sample is also shown for
comparison. Dashed lines indicate the peak posi-
tions of a 5d:,;level at ~3.6 eV and a 5d. level at
~6.3 ¢V for the bulk sample. The splitting be-
tween 5ds»and 5ds- levels significantly reduces
for the implanted Au at both depths compared to

that for the bulk Au. The decreased splitting of
the 5d level can be understood to result from the
finite size of the Au clusters”. Indeed, the 54
splitting of a free Au atom is 1.5 eV, relatively
smaller that the corresponding value of the bulk
Au (2.7 €V). In Fig. 2, the 5d splittings together
with the depth profile of Au concentration are

Intensity (arb. units)

Binding Energy (eV)

Fig. 1 Au 5d valence band level XPS spectra for im-
planted Au in GC after sputter etching for 880 sec and
1200 sec, corresponding to depths of ~255 nm and
~350 nm, respectively. The XPS spectrum for a bulk
Au sample is also shown for a comparison. Dashed
lines indicate the peak positions of a 5ds, level at ~3.6
eV and a 5d; level at ~6.3 eV for the bulk sample.
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Fig. 2 (a) Au 5dline splittings (filled circles) and Au
concentrations (open circles), and (b) Au 4f;» binding
energy shifts from a bulk value (83.9 €V) as a func-
tion of sputtering time.
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plotted as a function of sputtering time. The 5d
splitting correlates well with the Au concentration.
As the Au concentration increases, the 5d splitting
becomes larger, indicating that the Au clusters
with the larger size tend to be formed in the vicin-
ity of the projected range of Au ions. According
to the relationship between the average coordina-
tion number in an Au cluster and the 5d splitting
derived from the work by DiCenzo ef al.”, the
average size of Au clusters can be estimated as a
function of depth. The average size of Au clusters,
for example, is ~2.5 nm for the sputtering time of
880 sec, corresponding to the depth of ~255 nm.
On the other hand, the 4f core-level shift is close
to zero at that depth, as shown in Fig. 2b. As-
suming that the relationship between the 4f shift
and cluster size for Au nanoclusters supported on
a substrate” is valid for the Au nanoclusters em-
bedded in GC, the 4f shift of ~0 eV yields the av-
erage size >4 nm” ”, much larger than that esti-
mated from the 5d splitting (~2.5 nm). There is a
large difference in the estimated average size be-
tween the two procedures, 5d splitting and 4f shift.
Figure 3 represents graphs showing the 4f shifts
versus the 5d splittings obtained in this work,
along with the previous data for Au nanoclusters
onto a carbon substrate”. It is quite obvious that
the present data differs from the previous one.
This discrepancy results from the different envi-
ronments surrounding Au nanoclusters. In our
case, the Au nanoclusters are embedded in GC,
resulting in the insensitive size-dependence of 4f
shifts. It is concluded, therefore, that the 4f
shift-size relationship derived from the measure-
ments for Au clusters on a carbon substrate Is in-
applicable to the size estimation for those in a
carbon matrix.

Next the measurements of the 54 splitting are
applied to the estimation of the size of Au nano-
clusters formed in Al,Os and SiO- matrices. Even
for Au nanoclusters in a dielectric matrix, no
charge correction is required for the 5d splitting

08— T 71 " 1

O . ® Present work
06k O DiCenzoetal. |
3
L o4t
e
Z
w
Y
¥ o2f

1.4 . 186 18 20 ‘ 22 2.4 ‘ 26 2.8
5d Splitting €V)

Fig. 3 Au 5dline splittings versus 4/, binding energy
shifts obtained from the present work (filled circles)
and the previous measurements by DiCenzo et al”
(open circles). The lines are drawn as guide to the
eye.

analysis. The average sizes of Au nanoclusters are
estimated to be 1-4 nm and 1.5-4 nm in ALO;
and Si0, matrices, respectively, depending on the
Au concentration.
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Improvement of Hydride Characteristics

in Hydrogen Absorption Materials by Ion Irradiation

H. Abe’, H. Uchida™, R. Morimoto™" and H. Itoh"
Department of Material Development, JAERI"
Faculty of Engineering, Tokai University™"

Graduate school of Engineering, Tokai University”

1. Introduction

Surface modifications are crucial to
improve the reactivity of hydrogen with
metals because the dissociation of H,
molecules in gas phase or the dissociation
of H,O molecules in an electrochemical
process is the first step of the overall
reaction of hydrogen absorption in metals®.
The dissociation of H, or H,O molecules is
markedly influenced by surface conditions
of a metal. So far, we have systematically
investigated the effects of surface oxide
layers on the kinetics of hydrogen
absorption in hydrogen absorbing metals”
and reported several methods of surface
modifications such as metallic coating,
alkaline

fluorination  treatment, and

treatment® *.

In this study, the surface modifications of
Pd have been made by ion irradiation using
proton (H")®, argon (Ar')® and nitrogen
(N¥), and the ion irradiation effects on the
rate of electrochemical hydrogen absorption

in Pd have been investigated.

2. Experimental

Pd sheets (99.99 % purity) with a size of
7.5 mm x 7.5 mm x 0.1 mm were used.
Prior to ion irradiation, all samples were
annealed for an hour at 1173 K in a flowing
pure N, gas (99.9998 % purity). Ion
irradiation was made onto the surface of Pd
samples using H', He’, Ar" and N' in an
energy of 350 keV, and a dose range from 1

x 10" ecm? to 1 x 10" cm? at room
TIARA, JAERI.
Temperature of the samples increased up to
353 K at a beam current of ~10 pA, and
almost no annealing effect took place

temperature at

during the irradiation.

For the electrochemical measurements of
of Pd
(cathode), a Pt sheet with a size of 30 mm x

the hydrogen absorption rate

30 mm x 0.3 mm and a purity of 99.98
An Hg/HgO
electrode was also used as the reference

wt. % was used as an anode.

electrode in an open cell®. The rate of
hydrogen absorption in the Pd samples was
evaluated as a change in the current density
mA(g-alloy)™" in 6 M(mol/1)-KOH at room
temperature. During the measurements, a
constant voltage of -0.93 V was applied to
the samples. In all experiments, no gas

bubbles were observed during hydrogen

absorption. Details of the electrochemical
measurements have  been reported
elsewhere®.

3. Results and discussion.

Figure 1 shows hydrogen absorption
curves of Pd samples before and after H”
irradiation. The initial rates of irradiated
samples become high compared with that of
the un-irradiated Sample.
with the results of H'

samples irradiated with He® * exhibited
p

In comparison
irradiation, the

higher absorption rates. He" introduces
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Fig.1 Hydrogen absorption curves of Pd samples
irradiated with 350keV H' at doses of 1 X 10
em?, 1x10%cem?, 1 x 10" cm?and 1 x 10" 7cm™.

much higher concentrations of vacancies in
the surface region than H.  An increase in
the vacancy concentration leads to an
increase in the hydrogen trapping sites,
resulting in an acceleration of the rates of
hydride nucleation and growth in the
surface region. It can account for the
increase in the hydrogen absorption rate in
Pd with increasing of H' dose and the
higher absorption rates observed in
He"-irradiated Pd samples.

Figure 2 shows the results for 350 keV

Ar’ irradiation. As the Ar” dose increased
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Fig.2 Hydrogen absorption curves of Pd samples
irradiated with 350keV Ar" at doses of 1 X 10t
em?, 1 x 10 cm? and 1 x 10" em™.

from 1 x 10" em?to 1 x 10" cm’?, the
hydrogen absorption rate increased. The
sample irradiated at a dose of 1 x 10'7 cm™
exhibited a much higher rate than the others.
These results also support the assertion that
the initial hydrogen absorption rate of Pd is

enhanced by the introduction of vacancies

due to ion irradiation.

0.008 . .
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0.007 £| =1 x 10" cm’
0.006 b, 1x10% om?
0.005
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4 0.004
T
0.003 =
e
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Fig.3 Hydrogen absorption curves of Pd samples
irradiated with 350keV N* at doses of 1 X 10'*cm™
and 1 x 10"°cm™.

Figure 3 shows the N* irradiation effects
on the hydrogen absorption rate of Pd.
Similar to the results obtained for H', He'
and Ar’
absorption rate was found to increase with
N* dose.
the concentration of hydrogen absorbed in
the Pd sample irradiated with N™ at 1 x 10"
cm™> was obtained to be [H] / [Pd] > 0.008.

Figure 4 shows the distribution of the

irradiation, the hydrogen

At the reaction time of 120 min,

hydrogen absorption rate in each 1on
irradiation, in which the irradiation dose is
1 x 10" em™.

sample is also shown for comparison.

Data of the un-irradiated

Among ion species used in this study, N*
was found most effective for raising the
initial hydrogen absorption rate. This
result cannot be explained only in terms of
the vacancy assisted hydrogen absorption
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Fig.4 Distribution of the hydrogen absorption rate in
each ion irradiation. The abscissa represents the
atomic mass ratio of irradiated ion species to Pd.

described  above. Further

investigations are necessary to clarify all

model
the implications of ion irradiation effects.

4. Conclusion

The ion irradiation treatment of the
surface of Pd using H', He’, Ar" and N*
was found to enhance the initial rate of
electrochemical hydrogen absorption in Pd.
used in our

Among the ion species

experiments, N* was found most effective

for the enhancement of the hydrogen
absorption Further
required to elucidate the role of each ion in-

rate. studies are

the improvement of the hydrogen
absorption in Pd.
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Effect of Ion Species on the Production and Thermal

Evolution of Implantation Induced Defects in Zn0O

Z. Q. Chen, M. Maekawa, A. Kawasuso, S. Sakai and H. Naramoto
Advanced Science Research Center, JAERI

1. Introduction

Zinc oxide (ZnO) is a technologically
very semiconductor for the
potential application in short wavelength
light emitting devices”. It has been revealed
that ZnO has high resistance to radiation
damage. This is due to the efficient dynamic
annealing of the defects occurred during
irradiation. It is therefore expected that ZnO
is well appropriate for the space application.
However, recently an unusual behavior
related to the implantation damage in ZnO
was also reported. That is the chemical
effect of the damage accumulation”. The
defects can be

important

implantation-induced
stabilized by the implanted impurities, and
enhance damage buildup or even cause
amorphization effects.

In this work, we studied the defects
produced by B* and O'-implantation using
positron annihilation measurements. Our
results show clear difference in the defect
recovery process for these two implanted
specimens, which might be due to the
chemical effects of the impurities.

2. Experiment

The samples are hydrothermally grown
ZnO single crystals nominally undoped with
n-type conductivity. Ion implantation was
carried out at room temperature using a 400
keV implanter. A multi-step implantation
process was performed for each ion with
seven different energies. The energy range
was 50-380 keV and 40-300 keV, and the
total doses were 3.9x10" cm™ and 5.2x10"

cm? for O and B” ions respectively. A box-
shaped implantation profile is obtained after
such implantation. The implanted samples
were annealed isochronally from 200 to
1000°C for 30 min in nitrogen ambient.
Doppler broadening of positron annihilation
radiation was measured using a slow positron
beam (0.2-30 keV). The S parameter defined as
the ratio of the counts in the central region to the
total area of the annihilation peak was used to
characterize the Doppler broadening spectrum.
Micro-Raman scattering measurements Wwere
NANOQFINDER
spectrometer in the wave number range of 200-
800 cm’'. The 488.0 nm-line of an Ar -ion laser

was used for excitation and the incident laser

performed  using  the

power was ~1 mW.

3. Results and discussion

Figure 1 shows the S parameter as a function
of incident positron energy (S-E curve) for the
as-grown and implanted samples by B and o'
ions. After ion implantation, an increase of the S
parameter can be observed, which shows
defects. The S
parameter in the positron energy range of 5-13

introduction of vacancy

keV is nearly constant, which corresponds to the
box-shaped implantation layer. The S value of
1.05-1.06 suggests that implantation produces
mostly vacancy clusters. Some monovacancies
may also have been produced and coexist with
vacancy clusters.

Figure 2 shows the average S parameter in
the implanted layer as a function of annealing
temperature for the implanted samples. For the
O'-implanted ZnO, the S parameter first shows
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Fig.1 S-E curves measured for ZnO samples
before and after implantation. The solid lines are
drawn as guidance to the eye.

increase up to about 1.08 at 400°C, and then
decreases rapidly with increasing annealing
temperature. The increase of S parameter
suggests mostly increase of the vacancy cluster
size¢ during annealing. This is due to the
migration and agglomeration of vacancies into
larger size. After further annealing at high
temperatures, these vacancy clusters are no
longer stable, and they gradually recover. At 700-

800°C, the S parameter decreases to the bulk

value, suggesting full recovery of these vacancies.

For the B'-implanted sample, the annealing
behavior of the vacancies is similar. However,
the S parameter increases to a high value of
nearly 1.16 after annealing at 500°C. This means
that much larger vacancy clusters or microvoids
are formed. After annealing at 600°C, the S
parameter begins to decrease. However, it shows
a small increase again at 700°C, and after that, it
decreases gradually to the bulk value at 900-
1000°C, which indicates annealing out of the
vacancy defects introduced by implantation.

The TRIM simulation shows that the
average vacancy concentration produced by O'-
implantation in the box-layer is about 7x10%
cm™, while it is 4x10* cm™ for B'-implantation.
Therefore, it is expected that larger size or
higher concentration of vacancy clusters will be
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1166 Zno 0 O'-implanted
' /%o Blimplanted |
_ 112f \ ]
o) o .
g p
£ 1.08 /078/*% Y ]
s e ? .
e 1.04% \ \ ]
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bulk
0.96 LUK
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Annealing temperature (°C)

Fig.2 Average S parameter in the implanted layer
as a function of annealing temperature for the O"
and B -implanted samples.

formed in the O'-implanted sample. This has
been reflected by a higher S parameter in the O
as-implanted ZnO. Nevertheless, after annealing,
the S parameter shows very slight increase in
further
agglomeration of the vacancy clusters is very

this  sample, suggesting that
weak. On the contrary, for the B'-implanted
sample, the vacancy clusters grow into very
large during annealing. This suggests that boron
might have a special chemical effect that favors
the agglomeration of vacancy clusters.

Figure 3 shows the Raman spectra measured
for the implanted samples before and after
annealing. In the as-grown ZnO, there are three
phonon modes: E; at 437 cm™, A, (LO) at 575
cm’, and a multi-phonon mode at 331 cm™.
After implantation, the peak at 575 cm’
becomes strong and broad. This is apparently
due to the implantation-induced damage. It has
been attributed to the oxygen vacancy (Vo) since
it also appears in the ZnO grown under oxygen
deficient condition.

With increasing annealing temperature, the
broad peak in both O" and B'-implanted samples
decreases gradually. However, their annealing
processes show differences. As shown in Fig. 4,
in the O'-implanted sample, the relative
intensity of the 575 cm™ peak decreases rapidly
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Fig.3 Raman spectra measured for the O" and B'-
implanted ZnO samples after annealing.

and reaches the same level as the unimplanted
state after annealing at 400°C. This means that
V,, disappears early at 400°C. While for the B'-
implanted sample, the broad peak remains high
intensity until annealing at 700°C, indicating that
V5 has much higher thermal stability.

The agglomeration of vacancy clusters
involves combining small vacancies like
monovacancies (Vz, and Vo), so that the size of
the vacancy cluster increases. This means that
V, has a contribution to the vacancy cluster
agglomeration. In the O"-implanted sample, the
number of Vo is much smaller as compared with
that in the B'-implanted sample, and they
disappear rapidly after anncaling, therefore their
contribution to the vacancy cluster growth is
also small. This might be the reason for the
slight increase of S parameter after anncaling.
For the B'-implanted sample, it introduces much
higher concentration of Vo, and they are stable
up to 700°C, thus the vacancy cluster can grow
into a sufficiently large size. This may well
explain the positron annihilation results.

The chemical effect of boron is thus due to
the stabilization of Vo. The boron impurity
might trap O; produced by implantation, and
form oxide complexes like B>Os. Since the B:O;
compound has a much lower enthalpy of

formation (-1273.3 kl/mol) than ZnO (-350.5
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Fig.4 Relative ratio of the integrated 575 cm’!
peak intensity to the sum of the 437 cm’ and
575 cm” peaks as a function of annealing
temperature for the O' and B"-implanted ZnO.

kJ/mol), the formation of such complex is very
likely. Due to this complex formation, the
recombination of Vo with O; is suppressed, so
the oxygen vacancies are stabilized, and they are
likely to contribute to the formation of large
vacancy clusters or microvoids through
agglomeration. While for O"-implantation, as it
is a self-atom in ZnO, there is no complex
formation with O;. On the contrary, the O
implantation produces large amounts of oxygen
interstitials, which expedite the recombination of
Vo with them. Therefore, we can observe a fast
of the

agglomeration of the vacancy clusters is

recovery oxygen vacancies. The

therefore suppressed.
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Positron Annihilation Spectroscopy to Getter Sites for Cu in Si
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A. Kawasuso™** M. Maekawa™ ** and Z.Q. Chen***
Department of Applied Chemistry and Biotechnology, Chiba University *
National Institute for Materials Science™* *

Advanced Science Research Center, JAERI* **

1. Introduction

Copper and other transition metals are
known to deteriorate the device properties
if they are located in active device layers.
Much attention has been paid regarding
their distribution during thermal processes.
Impurity gettering method is one of the
most important techniques to remove them
Defects in Si
effectively trap impurities after annealing

from active device areas.
at relatively high temperature. It is known
that implantation-induced defects are
promising trap sites and that metals are
accumulated at about half of the mean
projected ion range, R,””. However, the
interaction between defects and metals has
been still unknown.

Positron  annihilation  spectroscopy
(PAS) is one of the most powerful tools for
open-volume type defects. The positron
lifetime stands for the size of defects and
the Doppler broadening gives us elemental

_information of them®.

Especially using a
positron beam, information of a very thin
layer can be obtained. When metals are
trapped at defects in the implanted layer,
PAS shows the location and the structure of
trap sites. In this study, we present the
use of positrons for clarification of getter

sites for Cu atoms in Si.

2. Experimental procedure
2.1 Sample preparation

Cz-Si wafers were implanted with 3
MeV Si’ ions at a dose of 1 x 10" cm™
followed by a Cu’ ion implantation (200
keV, 1 x 10" ¢cm®) into the backside of the
The mean projected range and

b

wafer.
straggling of the implanted Si* are
calculated to be 2.39 pm and 0.25 pm,
respectively. The samples were annealed
at various temperatures for 1 hour in N,

atmosphere.

2.2 Positron annihilation spectroscopy
Monoenergetic positrons in the energy
range 0.1 — 30 keV were implanted into the
samples. The Doppler broadening S
parameter of y-ray spectra was analyzed
using one Ge detector and defined as the
ratio of the counts in a central region of the
annihilation peak (510.25 - 511.75 keV) to
the total counts in the annihilation line. A
spectrum with total counts of 10° was
measured at each positron energy.
Generally speaking, the annihilation peak
of positrons trapped by vacancy-type
defects becomes narrow and results in a
large S parameter due to fewer
annihilations with high-momentum core
electrons. However, much attention
should be paid in § parameter analysis,
because the shape of annihilation peaks is
greatly influenced by the electronic shell
structures of

impurities coupled with

vacancies.
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Coincidence Doppler broadening (CDB)
measurements were made using two high
purity Ge detectors with energy resolutions
of 1.6 keV and 2.0 keV for 1.17 MeV y-ray
of %°Co with the shaping time of the
spectroscopy amplifier as 3 ps. More than
107 counts were accumulated for each CDB
spectrum, which was the diagonal cross
section of the two-dimensional spectrum
with a width of 2mec® -1.2 keV <E; + E; <
2moc* +1.2 keV).
ratio was improved to 10>. The CDB ratio

The peak to background

curve was calculated by normalizing the
momentum distribution of each spectrum to
that of a reference material of the bulk Si.
The ratio curves for defects in Si have a
10x10° The

momentum density around this region is

peak around moc.
caused by the rapid decrease at the Jones
zone boundary due to the valence electrons,
and dangling bond electrons with a
localized wave function are likely to smear
out this kink. As a result, all of the
defects in Si including the top surface itself
give the peak around 10x107 moc in the

ratio CDB curve.

3. Results and Discussion
Ton implantation at a dose of 1 x 107
cm2induces open-volume type defects and

results in large S.  Figure 1 shows the
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Fig. 1 S-E curves for self-ion implanted Si (3
MeV, 1x10'° /cm?) annealed at 400°C.  O: No

additional implantation, X: Cu’ implantation

into backside.

S-E curve for the sample annealed at 400°C.

The S parameter for the bulk Si is 0.516.
Comparing an additional implantation of
Cu® with non-additional implantation, no
differences can be observed.

Further annealing at 600°C gives rise to
small difference in S-E curves, as shown in
Fig. 2.
a small decrease of S is observed. On the

In the additional Cu” implantation,

other hand, the CDB ratio curve shows a
big difference (Fig. 3). In the additional
Cu’ implantation, high intensity profile at
This
profile is characteristic to that due to pure
that
annihilated at open-volume type defects in

high momentum region is observed.

Cu. Large S means positrons

0.550
M %06
0.540 Mxx)‘o%
XXX:OO
» 0530 xx20
XX§°O4>
XX ¥
0.520
0510 . . L . .

0 5 10 15 20 25 30
Energy(keV)

Fig. 2 S-E curves for self-ion implanted Si (3
MeV, 1x10'° /cm?) annealed at 600°C. O
No additional implantation, X : Cu’
implantation into backside.

13
12 T
11

Ratio to bulk Si
P=

08
08
07 *
0 5 10 15 20 25 30
Momenturm(10 °moo)
Fig. 3 CDB ratio curves for self-ion

implanted Si (3 MeV, 1x10" /cm?) annealed
at 600°C. The positron energy is 15 keV.
¢ No additional implantation, X : Cu”
implantation into backside.
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Si. The CDB curve shows that positrons
partially annihilated electrons due to Cu.
It is, therefore, concluded that the wall of
defects is partially covered with Cu atoms
and that the open-volume type defects
become gettering sites for Cu atoms.

- The positron energy which gives the
largest intensity at high momentum region
is 15 keV. The mean positron projected
range at 15 keV is estimated to be 1.3 pum
and corresponds to R,/2.

After annealing at 700°C, both of the
samples show the same S-E curves and
CDB ratio curves, as shown in Figs. 4 and 3,
respectively. S value becomes lower than
that for the bulk Si.
a characteristic

The ratio curves have
shape of that for
oxygen-related defects”. It is considered
that the Cu-decorated defects formed at 600
° C collapse and are transformed into
extended defects such as stacking faults and
dislocations, which are shallow traps of

positrons in Si. On the contrary, oxygen

?*gxgémﬂ‘&z‘x‘a

0 5 10 15 20 25 30
Energy(keV)

Fig. 4 S-E curves for self-ion implanted Si (3
MeV, 1x10" /cm®) annealed at 700°C. <:
No additional implantation, X : Cu’
implantation into backside.

1.4
5 13
=
312
2
8 It
5
2 4 1.0
0.9 —
0 5 10 15 20 25 30
Momentum(10°mgc)
Fig. 5 CDB ratio curves for self-ion

implanted Si (3 MeV, 1x10"° /cm?) annealed
at 700°C. The positron energy is 15 keV. <:
No additional implantation, X : Cu’
implantation into backside.

atoms involved in Cz-Si are coupled with
vacancies and O-related defects become
positron trap sites.

Further studies on the distribution of Cu
and the vacancy size are planed and similar
measurement on Fe and Ni are in progress.
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Polymerization of Ceo Thin Films by Ion Irradiation
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1. Introduction

Since the first report on photoinduced
polymerization in thin solid Ceo films”, Ceo
polymers produced by several methods have been
studied extensively. It has been proposed that Ceo
molecules are linked by a four-membered ring
This
bonding distorts a Cso molecule and the crystal

structure via a “2 + 27 cycloaddition.

structure of a pristine Cq solid where van der
Waals interaction bonds the molecules; the
symmetry reductions of the molecule and the
crystal structure are reflected in a variety of
vibrational spectra such as Infrared and Raman
spectroscopies and of X-ray-diffraction patterns,
respectively”™. There have been published some
reports on jon-irradiation-induced polymerization
of C thin films”: Electronic excitation by a fast
ion is considered to induce the polymerization.
However, no report on detailed characterization
of the Ce, solid polymerized by ion irradiation has
been published yet. In the present study,
polymerization of Ceo films by 7-MeV C** ion
irradiation has been investigated with X-ray
diffraction (XRD) and Raman spectroscopy.

2. Experimental

The details of sample preparation and ion
irradiation were described elsewhere”; brief
outline is summarized here. Thin films of Ceo
were prepared on 0-Al:03(0001) substrates by
sublimation of Ce. The temperature of the
substrates was kept around 80 °C and the vacuum
level of a deposition chamber was better than

4x10° Pa during the deposition. The thickness of

the films was approximately 350 nm. XRD
analysis indicated that (111) Jayers in a Ceo foc

' crystal grew with its <111> axis along the <0001>

axis of a-Al,0;. The films were irradiated with
7-MeV C? ions at room temperature. The energy
of the incident ions was high enough for the ion to
penetrate through the film, so that the effect of
implanted C ions can be neglected. After the
irradiation, the films were characterized with
XRD and Raman

spectroscopy:  Raman

T Y

| 7 MeV C% — Cgo/a-Al,05(0001)

Unirradiated (x1/4)

L 5.0x10™ fom?

[ 1.0x10™ /em?

| 3.3x10" /em? j
| 6.6x10'% jom? : 4

- 1.0x10'® /em? :

Normalized Intensity (arb. units)

1500

1300 1400 1600
Raman Shift (cm™)
Fig. 1 Fluence dependence of the Raman

spectrum around the 4y(2) mode for the Ceo
films irradiated with 7-MeV C** ions. The
broken line shows the position of the 4,(2)
mode for the unirradiated film, 1469 cm”.
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Fig. 2 Fluence dependence of the
Raman-intensity ratio of the sum of the
Ag(2)-derived lines to the 1469-cm™ line for
the Cy films irradiated with 7-MeV C** ions.

Fluence (/cm?)

measurement was performed in air with a
Nanofinder Raman microscopy system (Tokyo
Instruments, Inc.) using the 488 nm spectral line
of an Ar" laser. 20-6 scans of XRD were
performed in air with an X’Pert X-ray diffraction
system (Philips) using the Cu Ka line.

3. Results and discussion

The fluence dependence of the Raman
spectrum around the 4,(2) mode is shown in Fig.
1. Tt is observed that a sharp and intense peak at
1469 c¢cm™ gradually changes into broader and
weaker one, which is finally combined with the
Hy(7) mode, as the ion fluence increases. This
variation of the spectrum around the 4,(2) mode
is characteristic for ion-irradiated Ceo thin bﬁlms
and considered to be attributed to polymerization
and disintegration of Cs molecules by ion
bombardment™: The broadening of the line is due

to the polymerization and the reduction of the line

28—
222 reflection / %
HoLor
_§’21 i
~12
Y 7
N 111 reflection i
11 E E E .
10 . L N i — PR 1 i

0 0.5 1
Fluence (/cm?) [x10'°]
Fig. 3 Fluence dependence of the 111- and
222-reflection angles for the Cy4 films
irradiated with 7-MeV C** ions. Error bars

indicate the full width at half maximum of the
reflected peak.

intensity is mainly due to the disintegration. In
order to evaluate the development of the
polymerization, we have resolved the peaks in the
region of the A,(2) mode with Voight-line-fit
analysis using the lines assigned for the
photopolymer and pressure-induced polymer,
1464, 1460, 1454, 1447 and 1434 cm™ * 7.
Figure 2 shows the fluence dependence of the
Raman-intensity ratio of the sum of the
Ag(2)-derived lines to the 1469-cm™ line. The
intensity ratio of the 4,(2)-derived lines to the
1469-cm™ line obviously increases with the
increasing ion fluence and becomes almost
constant after the fluence of 3.3x10" /cm®. This
indicates that the ratio of the polymerized Cg
molecule increases as the ion fluence increases
and that the polymerization has almost reached
saturation after the irradiation with 3.3x10" /cm?,

In the XRD measurement, we observed that

peak positions of the reflection from the (111)
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plane in an fcc crystal of Cgo shifted to higher
angles gradually with the increasing ion fluence:
The fluence dependence of the 111- and
222-reflection angles is shown in Fig. 3. This
result indicates that the spacing of the (111) plane
in the fcc crystal of Cqo has been reduced: The
reduction amounts to ~4 % after irradiation with
1x10'® /cm2. Tt has been predicted theoretically
that the centers of mass of the two Ceo’s in a Ceo
dimer are separated by 0.9022 nm, which is
shorter than the in_termolecular distance 1.002 nm
between the individual molecules in pristine Ceo
solid®. The present Raman analysis shows that
most of the Ce, molecules that survived the ion
bombardment with 1x10'® /em® have been
polymerized. Therefore it is concluded that the
observed reduction of the spacing of the (111)
plane is induced by the polymerization of the Ceo
molecule by the ion irradiation. If it is assumed
that the crystal structure of the polymerized Ceo
thin film is fcc, the intermolecular distance 1S
estimated to be 0.955 nm after the irradiation with
1x10% /om®. This value is close to 0.962 nm for a
contracted fcc phase obtained by high-pressure
and high-temperature treatment”.
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Cluster Effects Observed for X-ray Diffraction Pattern of

Oxides Irradiated with Cluster Beam

A. Iwase’, N. Ishikawa , Y. Chimi, Y. Ohta”™", T. Hashimoto™",

O. Michikami', M. Fukuzumi’, F. Hori', Y. Saitoh"™"" and A. Chiba
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Department of Materials Science, Osaka Prefecture University”
Department of Materials Science, JAERI™
Faculty of Engineering, Iwate University”

Advanced Radiation Technology Center, JAERI

1.Introduction

Our previous study shows that irradiation
of oxide superconductors with 0.5MeV C
monoatomic ion beam causes atomic
displacements via elastic collision and it
results in lattice expansion’’. We have
recently reported that the cluster effect is
absent in lattice expansion for oxide
EuBa,Cu;0-
with 4MeV C; cluster ions, indicating the

absence of cluster effect in terms of defect

superconductors irradiated

density”. However, in the present report
we report a new insight on the cluster effect
observed for some aspects of XRD(X-ray
diffraction)  pattern of  EuBa,Cu;0,

irradiated with cluster ions.

2.Experimental Procedure

Thin films of c-axis oriented EuBa,Cu;0y
(y=7) were prepared on MgO substrates by a
[0.5 X njMeV C,

(n=1,4,8) ions, all having the same velocity,

sputtering method.

were irradiated at room temperature using
the tandem accelerator at JAERI-Takasaki.
The projected range of those ions is about
0.6pum, but for the cluster ions they become
dissociated during the passage in the sample
and have no more spatial correlation as the
clusters proceed deeper into the sample. In
order to observe the cluster effect, the
sample thickness was determined to be
0.1pm, which we believe is enough to

Aok ok

assure the spatial correlation of clusters
during their passage through the sample.
The fluence dependence of c-axis lattice
parameter was examined by measuring the
positions of XRD peaks. The
dependence of XRD peak intensity and
FWHM(Full Width at Half Maximum) of
those peaks was also measured.

fluence

3.Results and Discussion

As reported in the previous report”, the
XRD peak position corresponding to c-axis
lattice spacing shifts to lower angle side in
the same manner for the irradiation with
0.5MeV C, 2.0MeV C,; and 4MeV C; when
the effects are compared in the unit of
carbons/cm®.  Since the lattice expansion
by 0.5MeV C irradiation has already been
known to be attributed to the elastic
displacements”, the lattice expansion for
the irradiation with 2.0MeV C; and 4MeV
Cs can be understood in the framework of
the elastic displacements. From the above
results, no sign of the cluster effects is
detected. However, as demonstrated in
Figs.1 and 2, the cluster effect is observed
for some aspects of an XRD peak; the
fluence dependence of XRD peak intensity,
and that of FWHM of XRD peaks.

These cluster effects can be understood in
the framework of elastic displacements, and
the key parameter for the interpretation for
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the present result is the energy of PKA
(primay knock-on atoms). The irradiation
with larger cluster is expected to cause
higher maximum PKA energy, since larger
cluster has higher mass (with same velocity
in this case). Higher maximum PKA energy
can create larger defect agglomerates rather
than simple defects. The larger decrease in

intensity of XRD peak and larger increase in

(005)peak
SO
>, 10°
=
[2)
C
i)
£
©
)
N
‘© -
£ || O05MevC, of
S @ 2.0MeV C, 8
[J 4.0MeV Cqg
107 2 4
14 2
Fluence (10 “carbons/cm®)
Fig.l Fluence dependence of the

intensity of (005) peak for 0.5MeV (OR
2.0MeV C, and 4MeV Cy irradiation.
The fluence is indicated in the unit of
facilitate

carbons/cm® in order to

detection of the cluster effect.

FWHM for irradiation with larger cluster
may be related to the higher energy of PKA.
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Fig.2 Fluence dependence of FWHM of
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indicated in the unit of carbons/cm’ in
order to facilitate detection of the cluster
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In-Situ Measurement of Defect Concentration in Metals

4.18
Irradiated with Energetic Electrons
N. Ishikawa and Y. Chimi
Department of Materials Science, JAERI
1.Introduction

So far we have systematically
investigated the ion-irradiation effect in
' materials

In the

elastic

metals and other inorganic
irradiated with high-energy ions.
effect of

most of the

case of metals

displacements  occupies
irradiation effect. This means that, in
order to extract the effect of electronic
energy loss hidden in the total irradiation

effect, precise quantification of the effect

of elastic displacements is absolutely
necessary. In metals the atomic
_displacements caused by electron

irradiation are expected to be dominated
In this
data of (low-temperature)

only by elastic displacements.
respect the
electron irradiation experiments plays an
important role for defining the process of
elastic displacements”?.

In recent years intriguing phenomenon
induced by high-energy ion irradiation, that
is  irradiation-induced  crystallographic
phase transition by high electronic energy
loss, has been found for a titanium metal®>?.
effect

quantitatively, a precise measurement of

In order to evaluate this

elastic displacement 1is necessary as

mentioned above. Under this recognition,
in this study a Ti foil is irradiated with
energetic electrons and a Zr foil is
irradiated at the same time. The reason for
this simultaneous irradiation of both Ti and
Zr is as follows.

Both Ti and Zr has almost the same

temperature-pressure phase diagram, but

-observed only for Ti.

. irradiation and

the irradiation-induced phase transition is
observed only for Ti irradiated with
high-energy heavy ions. Comparative
study of Ti and Zr is thus important for
clarifying the phase transition process
In this study, we
have performed low-temperature electron
subsequent in-situ
measurement of electrical resistivity in
order to evaluate the effect of elastic

displacements.

2.Experimental procedure

Commercial metal foils of Ti and Zr,
both having 25um thickness, were cooled
down to 19K, and were irradiated with
2.0MeV electrons using a single-ended
accelerator at TIARA facility. The unique
characteristic of this irradiation chamber
installed in this facility is that the sample
temperature during irradiation is variable
and at the same time in-situ measurement
of electrical resistivity is possible.

The temperature was controlled to low
below 30K
irradiation, and the electrical resistivity was

temperature during the

always measured at 19K. The fluence
dependence of electrical resistivity was
measured both for Ti and for Zr. In metals
it has already been established that the
concentration of irradiation-induced defects
is proportional to increase in electrical
resistivity, therefore the result can be
directly converted to fluence dependence of

defect concentration.
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3.Results and discussion

In Fig.1 fluence dependence of defect
concentration for Ti and Zr which is
resistivity

estimated by electrical

measurement is shown. For estimating the
defect

resistivity, which is the coefficient for

concentration, Frenkel pair
converting electrical resistivity increase to
defect concentration, is assumed to be
reasonable value of pr=1.8x10°pQcm for Ti
and 3.5 x10°pQcm for Zr. The figure
shows that for both metals defect
concentration linearly increases as a
function of the fluence. From the present
result cross section for defect creation is
estimated to be 6g=1.1x10**cm’ for Ti and
73 x10%2cm® for Zr. It is found that
defect accumulation is greater for Ti than
for Zr for about 33%, and there is no
defect

accumulation between the two metals which

significant difference in
can lead to presence/absence of phase
transition. '

The cross section for defect creation
estimated experimentally is compared with
the calculated one assuming only elastic
displacements are dominant, and as was
expected the experimentally obtained cross
section almost agrees with the calculated
one for both Ti and Zr. In conclusion the
clectron irradiation results in normal
Frenkel pair creation, and no sign of phase
transition is detected as expected from the
framework of elastic displacement process.
As the mass of the incident particles
becomes bigger than eclectrons, the cross
section for defect creation is expected to
become smaller than the calculated one
because of the increase in average energy

of PKA(Primary knock-on Atoms). If

high-energy heavy ions are irradiated, then
the sign of phase transition may be detected.
The irradiation experiment using heavier
particles and the comparison with the
present result is therefore necessary to
quantify and clarify the effect of electronic
energy loss, namely phase transition.

rd

-
[42]

-
Q

an
T

Defect Concentration (ppm)

05 1 1.5
Electron Fiuence (10 17 e/cmz)

Fig.1 of defect
concentration for Ti and Zr irradiated with
2.0MeV electrons.

Fluence dependence
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4.19
Fe Based Model Alloy

Reaction Kinetics Calculation of Electron Irradiation Effect in
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Department of Reactor Safety Research, JAERT*
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1. INTRODUCTION .

To provide for long term operation of light
water reactors, improvements on the irradiation
embrittlement prediction method are necessary.
Therefore, it is an important subject in recent
years to investigate the mechanisms of
irradiation embrittlement in reactor pressure
vessel steel (RPVs). The irradiation rate effect is
one of the significant factors of the irradiation
embrittlement of RPVs materials; however, the
exact mechanism has not been understood yet.
The impurities in RPVs materials have been
known to have a storing effect on the irradiation
embrittlement. The Cu precipitates which grow
during irradiation cause irradiation hardening. It
has been assumed that the irradiation enhanced
diffusion based on the vacancy mechanism can
explain the Cu clustering during irradiation.

In the present paper, we tried to make a
comparative study of calculation and experiment
of irradiation effect on the electrical resistivity
of Fe-Cu model alloys. We developed a

numerical calculation code based on the reaction

kinetics, which gives the

concentration of the various defects by
calculating the interaction among an interstitial,
a vacancy and a Cu atom. In the present
experiment, we measured the electrical
resistivity of Fe-Cu model alloys as an index of
irradiation effect during electron irradiations.
The electrical resistivity measurements provide
an excellent means to obtain information on

irradiation effects, because it is very sensitive to

time-varying

defect concentration and the obtained
information is the average over the measured
region of a specimen. The high energy electron
induces the Frenkel pair consisting of a vacancy
and an interstitial, which is a suitable defect for

calculation.

2. EXPERIMENTS

The materials were four kinds of Fe-Cu
model alloys with different Cu contents. The
chemical composition of these materials is
shown in Table 1. The Fe-Cu model alloys were
fabricated as pure as possible to eliminate the
effects of impurities. After the heat treatment at
850°C for 10 min,
gas-quenched to keep the Cu atoms in
solid room
temperature. The specimen geometry and the
in Fig.1. The
specimens were cut into ribbons of Imm width,

the materials were

supersaturated ‘solution  at

test procedure are shown

and the four electrodes were spot-welded.

Table 2 shows a test matrix. We measured
the electrical resistance under three conditions,
i.e. low temperature and room temperature under
clectron irradiation, and room temperature
irradiation. To  investigate the
Frenkel pair

without
relationship  between  the
concentration and the electrical resistivity, 2
MeV celectron irradiation at low temperature
(11K) was performed. In the case of the electron
irradiation at low temperature, an interstitial and
a vacancy “accumulate simply without thermal

diffusion. Consequently, the displacement per
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atom (dpa) means the Frenkel pair concentration.
To investigate the relationship between the
solid-soluted Cu atom concentration and the
electrical resistivity, we measured the electrical
resistivity of the various Fe-Cu materials at
room temperature (300K). To compare with the
calculation, -2MeV electron irradiation at room
temperature was performed. In this condition,
the production of a Frenkel pair and the
interaction of defects occur simultaneously
during irradiation. In order to investigate dose
rate effects, irradiation at room temperature was
performed at two dose rate, 2.7x10° and
3x10"°dpals.

Table 1 Chemical composition of materials

Material Fe Cu c Si 0] N
Fe-0.02wt%Cu | Bal. | 0.022 | 0.003 | 0.003 0.015 | 0.0006
Fe-0.1wt%Cu | Bal.| 0.1 | 0.002 | 0.003 0.014 | 0.0005
Fe-0.6wt%Cu | Bal.| 0.61 0002 | 0.002 [ 0.015 | 0.0006
Fe—1.2wt%Cu | Bal.| 1.19 0002 | 0.001 | 0.013 | 0.0006

Table 2 Test matrix
Measuring condition Material Experimental purpose
Low Temp.(11K) Irrad. The resistivity change per
2.7x10'9dp_a/s Fe-0.02wtkCu Frenkel pair concentration
Fe-0.02,
Room Temp.(300K) Fe-0.1, The resistivity change per
without Irrad. Fe-0.6, Cu atom concentration
Fe—1.2wt%Cu
Room Temp.(300K) Irrad. ) Comparison of Calculation
27010, 310 %dpa/s | o 0RO Jand Experiment
Voltage drop
measuring
—>

Electrodes

- <« Current
100mA

Width: Tmm

Spec|men Thickness: 30 4 m

Irradiation area
Fig. 1 Schematic drawing of a specimen

3. CALCULATION PROCEDURE

In order to simplify the calculation, we
assumed three defect types, a vacancy (Vn), an
interstitial (Zy) and a Cu atom (Cuy), and four

defect cluster scales, N=1, 2, 3 and C (24). We
assumed that ¥; and I; could jump; while Cu,
could move via interaction with V;. The
calculation model  consists of  twelve
simultaneous equations. The basic model for the
calculation of the defect concentration is
expressed by the following equation:

dCy/dt = Py - CsMyiCra® Zyg v Crr* MyC
~-(1)

where C denotes a concentration, f denotes time,
P denotes a Frenkel pair generation frequency,
Cs denotes a sink concentration, M denotes a
jump frequency and Z is the number of a
reaction site. There are many combinations of
reactions: for example,

Vi + Vi—Vysr, VWl =Vua, W —V+Vy.
In this case of electron irradiation, Py is
equivalent to the dpa rate. The parameters we
used, such as migration energy, binding energy,
reaction site number, etc. were quoted from the

literature .

4. RESULTS AND DISCUSSION
We have obtained a relationship between the
Frenkel pair concentration and the electrical
resistivity from the electron irradiation at low
temperature. The relationship has been obtained
as the following equation:
Ap = 1.15 % 107 x (Frenkel pair concentration),
—(2)
where 4p is the electrical resistivity change. We
assumed that this Frenkel pair concentration
was equivalent to average of the vacancy
concentration and the interstitial concentration.
We can obtain a relationship between the
solid-soluted Cu atom concentration and the
electrical resistivity from the electrical resistivity
measurement of the various Fe-Cu alloys at
room temperature. The effect of the solid-soluted
Cu (Cu;) concentration on the electrical
resistivity is given by the following equation:
Ap =415 x 10 ¢ x (Cu, concentration). ---(3)
We assumed that Cu,, Cu; and Cuc didn’t
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contribute to the electrical resistivity.

From equations (2) and (3), we derive the
foliowing equation:
Ap = 1.15 % 10° * (Cyyora + Crowa) / 2

—4.15 x 10° x (A4Cc,),  —-(4)

where Crira denotes a vacancy concentration, i.€.
the ratio of the total vacancy number to the Fe
atom number, Cp.y denotes an interstitial
concentration and 4Cc,; denotes decrease of the
solid-soluted Cu concentration. This decrease is
due to the irradiation-induced Cu clustering.
Using equation (4), we can convert a calculated
defect concentration into the electrical resistivity
change. Figure 2 shows the dose dependence of
calculated value and measured the electrical
resistivity change for the dose rates, 2.7x10”° and
3x107°dpa/s. Regarding the reaction kinetics
calculation, the vacancy migration energy is the
most effective parameter in resistivity change.

We assumed the vacancy migration energy was
0.65¢V in the present calculation.

Both the calculated and measured resistivity
decreases steadily with dose. There is a transient
peak in the measured values at 2.7x10” dpars,
but we can not explain this phenomenon yet. For
effect of the dose rate on the resistivity change,
the same trend is observed in both the calculated
and measured values: a low dose rate induces
electron resistivity change effectively. It is
suggested that the present reaction Kkinetics
calculation is qualitatively adequate to simulate
defect behavior.

References
1) S. Yanagita, et al., Mat. Trans., 43(2002)
1663-1669.
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Fig. 2 Dose dependence of the electrical resistivity change
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1. Introduction
One of the
properties of ordered Fe-Rh alloys is the

interesting

magnetic phase transition at about 310K
from a low temperature
antiferromagnetic (AF) state to a high
temperature ferromagnetic state (FM).

At the phase transition temperature,

value of electrical resistivity decreases

by about 50 %. In the previous study, we
performed 8 MeV clectron irradiation of
Fe-50at.%Rh alloy, leading to the result
that the lattice parameter increased by
about 0.1 - 0.3 % and that, resulting from
SQUID AF-FM
transition temperature decreased by 3-138

measurement, the

without any crystal structure

1)

deg.,

changes The change in magnetic
properties by electron irradiation has
also been studied by using X-ray
magnetic circular dichroism (XMCD)
which

site-specific information on electronic

measurement, provides

states of constituent elements of
magnetic materials. In the present
experiment, we confirm the
“irradiation-induced change in
magnetic transition temperature by
resistivity

using an electrical

measurement.

2. Experimental Procedure
An Fe-50at.%Rh alloy was

prepared by induction melting in a
vacuum. This specimen was cut into 10
mm x 1 mm x 0.2 mm pieces and they
were sealed in evacuated silica capsule,
annealed at 1373 K for 173 ksec for
homogenization and quenched into ice
water. Pure-Fe films as current and
voltage terminals were spot-welded on
each specimen for a four-probe electrical
Then a
specimen was mounted on an aluminum

resistance  measurcment.
substrate by using epoxy resin (Araldite)
in to insulate the specimen from the
substrate. The specimen was irradiated
with 2.0 MeV electrons from a 3 MV
single-ended accelerator in TIARA,
JAERI-Takasaki to the fluence up to 3.0
x 10'% ¢'/cm? below 50 K. The change in
electrical resistance of the specimen was
measured as a function of temperature up
to 310 K at the rate of 2 K/min.

3. Results and Discussion

Figure 1 shows the change in
clectrical resistivity of an Fe-50at.%Rh
alloy as a function of specimen
temperature before and after irradiation.
The figure shows that the value of
electrical resistivity of the unirradiated
around 300 K,
corresponding to the magnetic transition
from AF to FM. In addition, the profile

of electrical resistivity with increasing

specimen decreases
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the specimen temperature differs from
that with decreasing the specimen
temperature. It is attributed to the fact
that AF-FM magnetic transition is a first
order phase transition. After the
irradiation, the temperature where the
value of electrical resistivity changes
clearly shifts to a lower temperature. It
represents that AF-FM  magnetic
transition temperature shifts to the lower
temperature by electron irradiation. The
present result confirms the change in
AF-FM  transition temperature by
electron irradiation which has been
found by SQUID measurements.

References

1) M. Fukuzumi, R. Taniguchi, S.
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1. Introduction

Recently, we have investigated reversible
deformation of metallic foils induced by ion
irradiation V. The deformation during
irradiation was measured by using a laser
displacement meter. We have studied beam
flux dependence of the deformation of Al
foils and time-response of the deformation.
It was found that the foil 1s deformed
reversibly under beam-on and beam-off
conditions, and the magnitude  of
deformation depends on a grain size of a
target foil. Interestingly, anomalously large
deformation was observed  for the
fine-grained foil with mean grain size of
about three hundreds nm. This deformation
is larger than that resulting from thermal
expansion.

In order to understand the mechanism of
the deformation, in this work we examined
projectile dependence of the deformation of
Au foils by using two types of projectile
beams of electrons and protons. Preliminary

results are reported.

2. Experimental

Electron irradiation experiments Wwere
carried out by using a 3 MV single-ended
Japan Atomic Energy
(JAERI), Takasaki
Establishment. The experimental setup is

accelerator at

Research  Institute

S.C.Jeong , M. Awano , H. Ogawa
"N Ishikawa™  and Y. Chlml**m
schematically shown in Fig. L A

self-supported target foil was irradiated
with 2 MeV electron beams. The target size
was 7 mm in diameter. The beams were
carefully collimated with a
cylindrical-shaped slit to achieve a uniform
intensity distribution. The beam spot size
was 3 mm in diameter and the beam flux
was between 4 X 10" and 4 X 10"
particles/(cm’ s).

Two kinds of Au foils of 1 pm in
thickness, made by rolling and evaporation,
were used as a target. To characterize
materials properties of the foil used, an
clectrical resistivity of the foils before
irradiation was measured at the temperature
of below 300 K by a
four- probe method. Results are shown In
Fig. 2,
resistivity for the evaporation is about two

conventional

indicating that the electrical

laser
displacement

meter

target foil

collimator

projectile beam

Fig. 1 A schematic drawing of the
experimental setup.

— 250 —




JAEA-Review 2005-001

3 — ' ST
Au

"g b Evaporated foil
o — Rolled foil
9
el 2- |
ey
2
7]
2]
2
g I
: -
0
K]
|83

T

0 100 200 300

Temperature [ K ]

Fig. 2 Electrical resistivity of the Au foils
made by evaporation and rolling as a
function of the temperature.

times as large as that for the rolling.

Foil-deformation induced by irradiation
was measured with a laser reflection
technique®. When projectile beam is turned
on, bell-shaped deformation appears in an
irradiated area, as schematically shown in
Fig.1. The magnitude of deformation was
measured at the center of projectile beam
spot.

We also made an irradiation experiment
with a proton beam obtained from a 1.7 MV
Pelletron accelerator of Nara Women’s
University. The experimental procedure is
essentially the same as that for the electron
irradiation experiments described above. An
energy of proton was 2.5 MeV and the beam
flux was between 9 X 10'° and 9 X 10"
particles/(cm’ s).

3. Results and Discussion

Figure 3 shows spectra of the magnitude
of deformation of the evaporated foil for
irradiation with electrons and protons as a

function of time. Note that in both

irradiation parameters the energy flux is
almost the same value of about 0.05
[W/cm?®), where energy deposition was
calculated from SRIM code®”. Results
indicate that the magnitude of deformation
for proton-irradiation is about two times as
large as that for electron-irradiation. This
means that the magnitude of deformation
does not correlate with the energy flux
deposited into the foil.

In order to see this correlation in more
detail,
deformation as a function of energy flux is
shown in Fig. 4. Open symbols are the data

results for the magnitude of

for the rolled foil and closed symbols are
the data for the 'evaporated foil. Main
results include that (1) the magnitude of
deformation depends on type of foil and
deformation of the evaporated foil is larger
than that of the rolled foil, (2) for the rolled

12,

0 (a) Electron irradiation

OMM{ ‘ o \ j

5 10 15 20 25 30

(b) Proton irradiation

The magnitude of deformation [um]
o

— T —

O 5 10 15 20 25 30
Time [s]

Fig. 3 Time spectra of the magnitude of
deformation of an evaporated Au foil of 1
m in thickness: (a) 2.0 MeV electron
irradiation at energy flux of 0.05 W/cm?,
and (b) 2.5 MeV proton irradiation at
0.045 W/cm®.
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Fig. 4 Energy flux dependence of the
magnitude of deformation of evaporated
and rolled Au foils by 2.0 MeV e¢lectrons
and 2.5 MeV protons.

foil, the results for proton and electron
irradiation are the same, suggesting that the
deformation correlates with the energy flux,
and (3) for evaporated foil, the deformation
by proton is larger than electron at the same
energy flux, indicating that deformation
depends on projectile type. The second
result may be interpreted as that the
deformation is due to beam heating. On the
other hand, the third result can not be
explained by beam heating effects, and the
deformation may be caused by other effect.
In order to interpret the projectile
dependence of deformation we estimated a
cross section for the production of primary
displaced atoms (the damage cross section).
For electron impacts, we used the formalism
by Lucasson and Walker®, and the damage

cross section is estimated as about 2 X 107
cm’. For proton impacts we estimated the
cross section by using a number of
vacancies calculated from TRIM”. The
calculated cross section was about 2% 107
cm?, which is two order of magnitude larger
than that for electron impacts.

As descried above, the deformation
depends on type of foils (which are made by
evaporation and rolling). The foils used in
this work may be different in grain size. If
the evaporated foil is likely to accumulate
the vacancies produced by irradiation, the
vacancy accumulation may lead to volume
expansion of foil. If this speculation is

correct, we reach the preliminary
conclusion that the deformation observed
for irradiation of evaporated Au foil by
proton was caused by both heating and the
formation of defects. Further experiments
will be needed to understand this

mechanism.
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1. Introduction

Donors in semiconductors are the possible
candidate for a qubit (quantum bit) of quantum
computer . A donor has an electron spin of 1/2
or a nuclear spin of 1/2 which generate a simple
two-level quantum system, and can therefore
realize an ideal qubit. So far, the most
well-studied donor was phosphorus (P) in Si.
However, this donor may not be suitable to the
quantum computing, because the fabrication and
operation of the quantum computer was
practically very difficult even using the
state-of-the-art Si technology 2. Thus, other
semiconductors such as Ge-based compounds
were explored as alternatives ?. Last year, we
found * that silicon carbide (SiC) has a good
characteristic for quantum computing, as is
demonstrated in Fig. 1. The P and N donor
electron spins in SiC exhibited much longer spin
coherence time (7)) as compared to P in Si.
Thus, in this work, we tried to clarify why the
donors in SiC have such a longer 7' or what are
the necessary conditions to make the donors
being suitable to the quantum computing.

2. Experimental

The P donors in SiC were created by P ion
implantation to SiC substrates in TIARA.
Starting substrates were commercial n-type
(N-doped) 4H- or 6H-SiC
carrier concentration =

wafers
(room-temperature
1x10"" ecm™). P ions were implanted at 800°C
with a total dose of 4.5x10*cm™ at 9 ~ 21 MeV
by the TIARA tandem accelerator. This process

10 T Iﬂi”[ T T T
L i i~ |
5 Si:P 3 N% 6H-SiC
o 10 [ X
o
2 — 5 p ]
- +
= 10° \ c
n + |
3
10-7 [ ERETt| ool
1 10 100
T(K)

Fig. 1 T, (spin-lattice relaxation time) of P
and N donors in SiC are much longer than P
in Si ?.

produced a box-like profile (2-pm in depth) of P
dopants with a concentration of 1x10" cm?.
After the implantation, the activation
of 1650°C (in Ar ambient) was

subjected to the samples.

anneal

The characteristics of the P donors were
measured by a pulsed electron paramagnetic
resonance (pulsed EPR) spectrometer (Bruker
E580 model). We characterized the spin-lattice
relaxation time 77 which indicates how long
time an electron spin maintains its spin state.

- I TT

Echo intensity

[T 30z

b

30
recovery time # (msec)

Fig. 2 Three-pulse inversion recovery
experiment of pulsed EPR. 7 is determined
from the recovery curve, because echo

intensity oc [1 ~ exp(~#/T7)] ®.
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This coherence time should be longer as
possible for the quantum computing, because T;
sets a limit of the computation time. The
determination of T, is explained in Fig. 2 .

3. Results and Discussion
3.1 The C-site P donors in SiC

We have reported > that our ion implantation
to 6H-SiC creates the P donors labeled P, and Py,
as shown in the EPR spectrum of Fig. 3.

Recently, our P, and P, donors were identified
as the carbon (C)-site P donors by means of the
Table 1

summarizes the hyperfine (HF) parameters of P

first-principles calculation®.
donors between experiment and theory. Clearly
P, and P, are in good agreement with the
calculated C-site P donors at # and ki, sites of
6H-SiC, respectively.

The C-site P donors (6H-SiC:P) and the N
donor (6H-SiC:N) showed a thermally activated
behavior in 73, as shown in Fig. 4. Ty was in
proportion to exp(A/kT), which is known as the

1‘|‘|'I|l||||1|||l|||||l IIIII|1’III|IIII|IIIP|II
- 40 K, BJ|c
=
c
2
2
)
®
> J
o an
o
o
w
bl vty AR ATE R A ' RERRE i
340 342 344 346 348

Magnetic field (mT)

Fig. 3 EPR spectrum of P-implanted 6H-SiC.
“N” denotes the signal of N donors (nuclear
spin /=1, natural abundance = 99.6 %), while
«p.” and “Py” denote that of *'P donors (I =
1/2, natural abundance = 100 %).

Table 1 Hyperfine (HF) constants of P donors
between experiment % and theory ©. Units for
Ajs, and b are MHz.

Exp. Aiso b Theory Aiso b
P, 1527 0.8 C-siteP(h) 156.1 0.0
P, 1426 0 C-site P(k12) 1472 5.0

3)

Orbach relaxation process Its physical
meaning is that a spin state is perturbed when an
electron is excited between the two electronic
levels (energy difference = A) as illustrated in
the inset of Fig. 4. The A values were
determined to be 44 or 77 meV for 6H-SIiC:N, -
52 meV for 6H-SiC:P, and 11 meV for Si:P (not
shown here). Therefore, the main reason why
the donors in SiC have much longer spin
coherence times as compared to those in Si is
the larger A values. The A of 44meV for
6H-SiC:N was known as the valley-orbit
splitting between the 1s(E) and 1s(A,) states of
N donor . Therefore, we speculate that the
valley-orbit splitting is the key to the longer T
for donors in semiconductors. This point will be
also supported by the next experiment.

Ww'r— T T T T 1

T,(sec)

5 10

15 20 25 30 35
AT (x10° K

Fig. 4 Thermally activated behavior of 71.

3.2 The Si-site P donors in SiC

In general, P atoms should be favorably
introduced into Si sites rather than C sites,
because of similar atomic sizes between P and
Si. Therefore, the Si-site P donor should also
exist in P-implanted SiC. This donor could be
found when we performed P-implantation to
4H-SiC, which is shown in Fig. 5. The signal
labeled “P” is due to P donors, although a ’'p
HF splitting is too small to be detected. Recently,
the same P signal was observed for CVD
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Fig. 5 EPR spectrum of P donors (Si-site) in
P-implanted 4H-SiC.

(chemical vapor deposition) P-doped SiC 7. In
contrast to our P-implanted SiC (Fig. 5), the
CVD P-doped SiC achieved a very low
concentration of N, so that *'P HF splitting as
well as °C super HF structure was successfully
detected in the CVD sample 7. The presence of
the °C super HF structure ensured that this P
donor signal originates from the Si-site P
donors. .

To compare between the two types of P
donors (C-site or Si-site), we also studied 7; of
the Si-site P donors (4H-SiC:P). The result is
shown in Fig. 6 and Table 2. The 4H-SiC:P has
even shorter 77 than Si:P (Fig. 6). The A value
was only 6 meV (Table 2). Therefore, there was
a significant difference between the C-site and
Si-site P donors in SiC. This difference is not
due to the difference between 4H- and 6H-SiC.
Because we also examined 6H-SiC:P that was
created by CVD P-doping ”, and then obtained a
similar small A value (4 meV) for 6H-SiC:P.
Therefore, we conclude that the longer T, does
relate to the larger A value rather than the host
material. |

One of the physical factors to determine the
A value is probably the degree of the lattice
strain around a donor. Because of the large
atomic radius of P atom, the C-site P donor
should involve a larger strain as compared to the
Si-site one, which can induce the larger
valley-orbit splitting. Namely, we will have to

10 T T T
10" - .
N 6H-SIC:N
10 7
g 10° — 4H-SiC:P N
- q0* [ (Sisite) 6H-SiC:P —
y (C-site)
105 | -
10° - 7
10-7 1 sl Looa vyl
1 10 100

T (K)
Fig. 6 Temperature dependence of 7.

Table 2 The A values for P donors

types A (meV) sites

Si:P 11 Si-site
6H-SiC:P(P-implant) 52 C-site
4H-SiC:P(P-implant) 6 Si-site
6H-SiC:P(CVD) 4 Si-site

explore such a “strained” donor system for
gaining longer spin coherence times.
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1. Introduction

Fundamental defects such as the E’centers,
the peroxy radical and non-bridging oxygen hole
center (NBOHC) in silica glasses, have been
extensively studied by electron paramagnetic
resonance (EPR). Besides these defects having
un-paired electron, neutral oxygen-deficiency
centers (ODCs) affect optical absorption for
practical application”. ~Additionally, the ODCs
interact with atomic hydrogen, which is one of
the major impurities in silica glasses as a form
of hydroxyl (OH)?. -
hydrogen

The incorporation of

improves  optical  transmission
property of optical fibers under neutron and
gamma irradiation®.  Our knowledge about
ODCs, however, is still limited owing to their
diamagnetic characteristics. The ion beam
is one of the powerful probes to detect
non-paramagnetic ODCs, which emit blue
luminescence at around 2.7 and 3.1 eV by
ionizing radiation. The  luminescence
measurements during ion bombardment also
allow us to measure dynamic process involving
damage creation and relaxation in the glass
network®. Besides nuclear collision, electronic
energy deposition can create Frenkel type

gla.sses5 ) and can

defects in  silica
simultaneously ~stimulate rearrangement of
damaged structure.  Because the observed

phenomena composed of these complex
processes are affected by a small amount of
impurities, ion beam induced luminescence from
In the

present experiments, we studied luminescence

silica glasses is not fully understood.

increase at the beginning of the irradiation and
on the OH content to clarify responsible process
of defect formation during the light ion
irradiation for silica glasses.

2. Experimental procedure

Samples of SiO, glasses used in the present
experiments were commercially available fused
and synthesized silica glasses, produced by
Toshiba Ceramics, Co. Ltd., with a size of 10
mm x 10 mm with a thickness of 0.5 mm.
The ion-beam induced luminescence Wwas
measured at room temperature using a scattering
chamber with base pressure of 2 x 10° Pa,
connected to an accelerator. A proton or
helium ion beam of about lmm diameter was
incident on the specimen at an angle of 40
degrees at energies between 0.01 and 2.0 MeV
with a flux density of about 10 nA/mm’,
corresponding to 6 x 10" ions/em’.  For
irradiation with 10 keV, a low energy ion gun
with a mass filter was used in the same chamber.
The ion induced luminescence was transmitted
through optical fibers inserted in the vacuum
chamber or by an optical window, and was
detected with a multi-channel spectrum analyzer
(Hamamatsu C5967, 5098, Roper Scientific
PIXE100, Acton300).

(PL) measurements for 3.1 eV centers were also

Photo Luminescence

carricd out using a Xe lamp with a 5 eV
interference filter. Hydrogen concentration
in the near surface layer was determined by
Elastic Recoil Detection Analysis (ERDA).

An ion beam of 2.8 MeV He?* was incident on
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the specimen at an angle of 75 degree to the
surface normal and the recoiled hydrogen atoms
were detected using Al foil of 12 u m thickness
an at an angle of 30 degrees with respect to the
analyzing beam.  OH content in the samples
was measured using Fourier Transform Infrared

Spectroscopy (FTIR).

3. Results and Discussion

Figure 1 shows typical fluence dependence
of the proton induced luminescence intensity at
2.7 eV from samples containing different OH
concentration. The luminescence intensity
was normalized with the incident current.
The higher intensity was observed from silica
glasses with the lower concentration of OH.
The fluence dependence curve for T-2030 was
nearly identical to the curve for T-2630. In
both samples, the nominal OH concentration
was | ppm , and almost no absorption due to OH
was found in the FTIR spectrum, while a small
difference of other impurities existed between
them. Therefore, production of ODCs and/or
luminescence efficiency can be attributed to the
OH. Enhanced photo-generation of E’ center
was observed for H, treated oxygen deficient
silica®, in which an oxygen vacancy traps an
atomic hydrogen and finally transforms to E’
center. In case of the ion irradiation, formation
of NBOHC appeared as 1.9 ¢V luminescence
corresponds to the dissociation of OH. The
lower intensity of 2.7 eV luminescence from
silica with higher OH can be explained by the
formation of atomic hydrogen by the ion
Although a
considerable amount of excess hydrogen about

induced dissociation of OH.

several hundreds ppm were detected in silica by
the ERDA, these hydrogen, probably because of
molecular form, did not directly interact with
ODCs.

From a slope of the growth curve of the
luminescence intensity at the beginning of the

T
1 MeV Proton
| A 1ppm OH (T-2630)
4 200 ppm OH (T-1030)
800 ppm OH (T-4040)

150

100

(arbitrary units)

50

Normalized luminescence intensity

- 1
500 1000 1500

H ion fluence (10'2/cm2)
Fig. 1 Typical fluence dependence of the
proton induced luminescence intensity at 2.7

eV from silica glasses containing various OH
concentration.
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Fig. 2 “Initial increase rate of 2.7 eV
luminescence from silica with low-OH (A)
and high-OH (=) plotted against rate of vacancy
production based on Kinchin-Pease model, for
proton and helium irradiation, (a) and (b),
respectively.
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irradiation, growth rates of 2.7 eV luminescence
were estimated and plotted against the rate of
vacancy production calculated by SRIM2003
code based on Kinchin-Pease model, in Fig. 2(a)
and (b), for proton and helium irradiation,
respectively. The initial growth rate of
luminescence did not linearly increase with
increasing displacement rate. For example, the
intensity of luminescence from low-OH silica by
2.0 MeV helium ion irradiation was about five
times larger than that for 1 MeV, while the
increase of vacancy production rate was less
than 10 %. The prominent enhancement of the
growth rate was observed for the higher energy,
indicting significant defect production due to
electronic energy deposition. ~ For incident
energics below 30 keV, luminescence induced
by both deuteron and helium was related with
by nuclear

the displacement production

collision”.

Because the observed luminescence
intensity is integrated along the entire trajectory
of the a growth

Juminescence intensity at 2 mean energy can be

incident ion, rate of
evaluated from the successive data for energy
dependence of the net raise rate. Figure 3
shows initial growth rates per unit length,
If the
luminescence is caused by electronic energy

deposition Ee on the oxygen deficient defects

plotted against the ion energy.

created by nuclear energy deposition En, the
growth of the luminescence intensity is related
to the Ee x En.
case, if the luminescence centers are created

But in an opposite extreme

significantly by electronic energy deposition, the
increase of the intensity is attributed to Ee x Ee.
The calculated curve of Ee x Ee fairly agrees
with the shape of experimentally obtained
growth rate in the lower energy region below 1
MeV. Above 1 MeV, on the contrary to the
calculated curves, the experimental initial
growth .rate increased with incréasing the 1on

10 = T T T
—O— helium -> low-OH (T-2630)

=

=]

g~ A helium -> high-OH (T-4040

-E g Wk elium ig ( ._/. |
2, B

§.3 10'F , : .
gz o

g 5 O

-§ E' 107 F A\O O'/O 7
g g o A

K —O— proton -> low-OH (T-2630)

A proton -> high-OH (T-4040)
0.0 0.5 1.0 1.5 2.0

Ion energy (MeV)

Fig. 3  Initial increase rate of 2.7 eV
luminescence intensity per unit length evaluated
from data in fig. 2, and plotted against the ion
energy of proton and helium ion.

energy. The  disagreement  between
experimental and calculated curves at the higher
ion energy can be explained by annealing
effects® for the lower energy where the
clectronic  stopping is  relatively  high.
Differences of the intensity growth between
silica glasses with various OH contents appeared
when the electronic stopping is relatively small,
This fact also

might be support the annealing effects by

for proton with higher energy.

electronic excitation.
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1. Introduction

It is well known that high energy ion-beam
irradiation of silica glass (amorphous Si0;)
can induce refractive index changes and
defects creation”. The first phenomenon is
attributed to internal compaction in silica
depending on the increase of smaller planar
rings than the regular planar 6 or 5-fold
rings of silica structure”. The structural

changes in silica induced by ion
implantation are different according to the
differences of ion species, fluence, and
acceleration energy. ’

We  studied i1on microbeam irradiation
effects in micro-and nano-scales on silica
glass by various conditions.

We also discussed possible application of
the microbeam irradiation effects aiming at
the fabrication of micrometer scale optical

elements on silica? ¥,

2.Experimental Procedures

Ion microbeam irradiation was carried out
using a 3-MYV single-ended accelerator (for
light ions) or 3-MV tandem accelerator (for
heavy ions) both equipped with microbeam
systems (TIARA, JAERI Takasaki, beam
diameter is ~1 um). Implanted ion species
were H" (1.7 MeV), He" (1.7 MeV), B** (12
MeV), C** (15 MeV), N* (13.6 MeV), 0%
(15 MeV) and Si** (18 MeV) with a fluence
of 1 x 10" to 5 x 10" cm™. Detailed
conditions are shown in Table 1.

Aok

Also, Table 1 shows projected ranges,
energy loss by electronic collision, and the
one by atomic collision predicted by SRIM
2003 simulation.

Samples are high purity silica substrates
([OH]: 1300 ppm) with dimensions of 3 x 3
x 10 mm’, and each sample surface was
optically  polished for  microscopic
observations.

The shapes of microbeam scanned areas
are shown in Fig. 1. One is rectangular with
a dimension of 10 pm x 50 pm scanned over
on the surface across the sample edge for
observation of defects along the direction of
depth from the side surface by means of
micro-photoluminescence (PL). The second
is square on the surface of 5 um x 5 um for
investigation of the surface deformation
(4hy), and for studying the relation between
the surface deformation and ion energies by

atomic force microscopy (AFM).

3.Results and discussion
Figure 2 shows phase microscope images
of the side surface of silica, where the
refractive index changed area can be visible
as bright regions from the surface to the
projected range (7 to 33 pm). The refractive
index changes can be attributed to the
compaction, as we already reported".
Figure 3 shows the intensity of the PL
band at 540 nm as a function of ion fluences
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Table 1 Conditions of microbeam irradiation on silica and results of calculation by

SRIM20603.
ELECTRONIC | NUCLEAR
ENERGY | FLUENCE | PROJECTED
STOPPING | STOPPING
ION RANGE
POWER POWER
[MeV] | [ions/cm’] [pm] _ .
[keV/ion] [keV/ion]
H 1.7 3E15-5E18 33 1.61E3 0.394
He" 1.7 3E15-3E16 5.9 1.69E3 1.04
B¥ 12 1E14-5E15 14 11.9E3 3.11
c¥ 15 1E13-3E16 14 14.9E3 3.55
N¥ 13.6 1E13-5E14 11 13.5E3 3.81
o* 15 1E13-3E16 10 14.9E3 4.41
8i* 18 ‘1E13-5E16 7.3 17.6E3 6.60

for various ion species. The PL intensities
induced by impacts of heavy ions such as
He', B*, €*', N*', 0% and Si¥*, become
saturated at smaller fluences, when
compared with H". This can be atiributed to
the fact that much higher energy was
deposited at the regions of the smaller
projected ranges, compared with the protons,
as shown in Table 1.

Figure 4 (a) shows the depth of surface

grooves as a function of the ion fluence.

Microbeam

scanned area

Measured region :):/-‘%

lon track

Amorphous
Si0;

Projected range_._:g.h\

Measured region for PL

Fig. 1 Schematic illustration of the
shapes of microbeam scanned areas. One
is rectangular with a dimension of 10
pum x 50 um scanned over on the surface
across the sample edge, and the second

is square on the surface of 5 pm x 5 pm.

Similar trend was observed for the surface
grooves as a function of the ion fluence, as
already observed for PL. Taking into
account of the effects of both nuclear (E.)
and electronic (E.) stopping powers, and the
projected range (R;) on the depth of grooves,
we have plotted the data as a function of the
value proportional to E, x EJ/R,, as shown
in Fig. 4 (b), where the data can be drawn
on a single curve.

This suggests that the induced surface
groove or internal compaction was
affected not only by electronic stopping
the

process, but also by nuclear stopping

powers dominating energy loss

power at the projected range.
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51 Characterization of Sulfur-doped TiO, Films by RBS

S. Yamamoto, A. Takeyama, A. Miyashita and M. Yoshikawa
Department of Material Development, JAERI

1. Introduction ‘

Titanium dioxide (TiO;), an extensively
studied and widely used photocatalyst, has
attracted many interests from the
viewpoints of basic science and applications.
TiO, doped with several kinds of elements
has been studied for the

photocatalysis, the modification of optical,

improving

electrical and magnetic properties. TiO;
doped with a few atomic percent sulfur
prepared by heating titanium disulfide
(TiS;) powders in air has showed extending
their optical absorption edge into the visible
light region. But the influence of sulfur
doping on the photocatalytic properties of
TiO, films has not been clarified. Therefore,
the synthesis of sulfur-doped TiO, films is
necessary. In the present study, we explore
the preparation processes of polycrystalline
and epitaixal TiO, films doped with sulfur
by pulsed laser deposition (PLD) technique.
The crystal structure of the deposited films
and the concentration of doped sulfur were
evaluated by x-ray diffraction (XRD) and
Rutherford backscattering  spectroscopy
with channeling (RBS/C). The effects of the
substrate temperature during the deposition
on the crystallinity and on the composition
of TiO; films are reported.

2. Experimental

Sulfur-doped TiO, films were prepared by
PLD
(wavelength: 248 nm, repetition rate: 5 Hz).

using a KrF excimer laser
To fabricate polycrystalline sulfur-doped
Ti0, films, the films were deposited on Si

(100) substrates at ambient temperature

using a TiS, (purity, 99.9%) target under
pressure of 10% Pa range and then
heat-treated up to 500°C in air. In this
experiment, TiS, was used for the sulfur
source for the deposition of polycrystalline

TiO, films. Since TiS, is oxidized by.
heating in air and then transformed to TiO;.
On the other hand, epitaxial sulfur-doped
T10, films were grown on a-Al,0; (0001)
substrates using titanium oxide targets,
which included various concentrations of
sulfur, prepared by heat treatment of
compression molding of TiS; powders in air
up to 400°C. During the deposition for
epitaxial growth, the substrate temperature
was kept at 400°C and 500°C under
pressure of 10" Pa range. The composition
of evaporation targets and deposited films
was determined by energy dispersive X-ray
spectroscopy (EDS). The RBS/C analysis
using a 3 MV single-stage-accelerator at
JAERI/Takasaki was
characterize the

employed to
films. The
analyzing 2.0 MeV “He" beam were incident

epitaxial

and backscattered particles were detected at
165°. The
crystallographic relationships between the
TiO, films and the
determined by XRD.

the scattering angle of

substrates were

3. Results and discussion

Figure 1 shows the 2.0 MeV “He” RBS/C
spectra for (a) the as-deposited titanium
disulfide film, (b) the film annealed at
300°C in air for 1 h, and (c¢) the film
annealed at 500°C in air for 1 h. The
thickness of deposited films was about 150
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Fig. 1 2.0 MeV “He" RBS/C spectra for
the sulfur-doped titanium oxide films on
Si (100) substrates, as deposited and
annealed at different temperatures.

nm. As can be seen in Fig. 1 (b), the
reduction of the peak from sulfur and the
increase of the peak from oxygen at the
surface region of the deposited film are
observed. Furthermore, the film heat-treated
at 500°C in Fig. 1 (c), the whole region of
the film was oxidized and the concentration
It is
recognized that the TiS; film is oxidized by

of sulfur reaches about 1 at. %.

heating in air and transformed to TiO,. The
results of XRD analysis showed that the

films annealed at 500°C have a
polycrystalline anatase TiO, structure. It
indicates that the concentration of

sulfur-doped polycrystalline TiO, films 1is

controllable by wusing heat treatment

temperatures ranging between 300 and
500°C.
In order to

fabricate sulfur-doped

epitaxial TiO: films with a desirable sulfur

temperatures
composition of titanium disulfide

targets.

concentration, the control of target’s
composition is necessary. The effect of the
heat the

composition of titanium disulfide is shown

treatment  temperature  on

in Fig. 2. It can be seen that the heat
300°C

decrease of

induces a
the
component of targets. For the heat treatment
temperatures higher than 300°C, the sulfur

treatment  below

proportional sulfur

component is saturated. For the epitaxial
growth of TiO, films doped with sulfur,
films were deposited on the a-Al,0;(0001)
substrates at 400 and 500°C under pressure
of 10" Pa. Fig. 3 shows the XRD pattern for
the film deposited on the a-Al,O; (0001)
substrate at 400°C using a
disulfide target anncaled at 200°C. As can
be seen in Figure 3, only the reflection from
the rutile TiO, (200) is observed without
any It is
confirmed that the sulfur-doped rutile TiO,
(100) film is grown on the a-Al,O; (0001)
substrate. Fig. 4 illustrates the 2.0 MeV
*He" RBS/C spectra for the same sample in

titanium

reflection from the substrate.

Fig. 3 under the axial channeling and
random conditions. The thickness of this
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Fig. 3 X-ray diffraction pattern for the
sulfur-doped TiO; film on the «a-Al,0;
(0001) substrate.

film is 52 nm and the concentration of
sulfur in the film is 2.1 at. %. In Fig. 4, the
reduction of the peak from Ti component of
the TiO, film in the aligned spectrum is
observed compared with the random one. It
indicates that the deposited film was
epitaxially grown on the a-Al,O; (0001)
substrate. But the doped sulfur atoms in the
rutrile TiO, (100) film 1is distributed
randomly. Rutile TiO, (100) films with
various sulfur concentrations were prepared
be controlling the sulfur concentration of
targets. The TiO, (100) films with high
sulfur concentrations deposited on a-Al,O;
(0001) substrates showed poor crystallinity.
Furthermore, for the RBS/C spectra for the
films deposited at 500°C, the peak from
sulfur was not observed. The concentration
of sulfur in TiO, (100) films was mainly
a-AlLL,O; (0001)
temperature during the deposition. It can be

influenced by substrate

Ti

A |
Random

“Ti02<100_3-

J\

En%rgy (MeV) 15

Fig. 4 2.0 MeV *He" RBS/C spectra for
the sulfur-doped rutile TiO; (100) film
(thickness: 52 nm) on the a-Al,0; (0001)
substrate. The concentration of sulfur in
the film is 2.1 at. %.

seen that thermal oxidation is an essential
process for the growth of the sulfur-doped
epitaxial Ti0, (100) film.

4. Summary

Sulfur-doped TiO, films were prepared by
PLD. Polycrystalline sulfur-doped TiO,
films were obtained by depositing at
ambient temperature using a TiS, targets
and then annealing in air up to 500°C.
Furthermore, sulfur-doped tile TiQ, (100)
films were obtained on «-Al,0; (0001)
heated at 400°C using an annealed titanium
disulfide target. It was found that the
concentration of sulfur in rutile TiO, films
was mainly influenced by a-Al,O; (0001)

substrate temperature.
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