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PREFACE

This annual report covers the activities of research and development using the irradiation
facilities of TIARA (Takasaki Ion Accelerators for Advanced Radiation Application), an
electron accelerator and Co-60 gamma-ray source in Takasaki Advanced Radiation Research
Institute, JAEA, from April 2013 to March 2014.

The present report is composed of 169 papers in the following research fields:

1) Space, Nuclear and Energy Engineering,

2) Environmental Conservation and Resource Exploitation,
3) Medical and Biotechnological Application,

4) Advanced Materials, Analysis and Novel Technology,
5) Status of Irradiation Facilities.

In the field of Space Engineering, radiation tolerance of solar cell components and
various types of electronic devices has been examined in connection with their space
applications. R&Ds of new functional devices such as single photon sources have been also
performed by using irradiation techniques. For Nuclear Engineering, practically available
results were obtained for radiation stability of Cs or Sr adsorbents, radiation effects on zeolite,
cement solidification form, and sludge used for radioactive waste treatment, and radiation
resistance of polymer materials and optical devices applied for nuclear facilities. As for
structural materials used in light water, fast and fusion reactors, radiation induced
microstructural change has been intensively studied using ion beams for pressure vessel steels,
fuel claddings and blanket materials at TTARA. For Energy Engineering, high performance
polymer electrolyte membranes and electrode catalysts, being suitable for fuel cell application
and fluorinated polymer membranes used for hydrogen production and separation filters have
been developed by radiation grafting and crosslinking technique.

In the field of Environmental Conservation and Resource Exploitation, radiation grafting
technique using y-rays and electron beams was used to develop fibrous catalysts producing
biodiesel fuels as well as adsorbents removing radioactive Cs ions in water. Using the latter
material, water purifier was fabricated and its high performance on Cs removal was
demonstrated. Improvement of thermal and mechanical properties of various biodegradable
polymers has been studied with radiation crosslinking technique for their industrial

applications.  Hydro-gels produced by crosslinking of hydroxypropyl cellulose were
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investigated for denitrification and for the preparation of polymer gel dosimeters, being
applied for medical utilization.

In the field of Medical and Biotechnological Application, radiation-induced DNA damage
has been investigated and new knowledge was provided. The study on the extent of
localization of abasic (AP) sites in solid DNA using Forster resonance energy transfer (FRET)

12C" were much higher than those for *He*” and

revealed that the level of AP clustering for
%Co y-rays, indicating that the clustering of DNA damage depends on LET. To investigate
the molecular mechanisms of radiation-induced bystander cell killing, 20-uM of a specific
nitric oxide (NO) scavenger "c-PTIO" was added to the culture medium of irradiated normal
human lung fibroblasts and non-irradiated cells during irradiation and co-culture. C-PTIO
treatment prevented the reduction in survival rates of bystander cells co-cultured with the
cells that had been irradiated with 0.5 Gy of y-rays or carbon ions. This clearly indicates that
NO has an important role in the bystander cell-killing effect. On the other hand, the ion
microbeam analysis with particle-induced X-ray/Gamma-ray emission (micro-PIXE/PIGE)
system for elemental mapping of bio-medical samples was widely utilized to study about a
targeted anticancer drug delivery system, pathogenesis of lung injury by inhaled silica, a
demineralization preventing effect on a tooth, a method for Cs distribution measurement in
plants’ cells and so on. Antibodies and peptides labeled with radiometals have great
potential for anticancer drug showing high efficacy and low side effects and useful diagnostic
drug, because of their high and specific accumulation in cancer. Production of Lu-177 for
labeling to antibodies, synthesis of Cu-64 labeled peptides with high affinity to Her2 for PET
imaging, and new production methods of radiometals such as Cu-67 and Y-90 by using
accelerator neutrons were conducted. The radionuclides are also applied to plant studies on
the function of nutrient/pollutant acquisition from the environment, which is crucial for all
humanity. A new imaging technology for radiocesium utilizing Cerenkov light was
developed. A new analytical algorithm was programmed for estimation of photoassimilate
flow speed.  Effects of the outer nutrient condition on cadmium uptake by a
hyper-accumulator fern were elucidated. The ion beam breeding has been conducted to
improve many plants and microorganisms such as chrysanthemums, rice, poplars, yeasts, and
fungi. Thermotolerant mutants of entomopathogenic fungi are successfully obtained by the
ion-beam and gamma ray-induced mutagenesis. Complex structural changes of DNA are

suggested by genetic analyses of high-LET ion beam-induced Arabidopsis mutant lines
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showing altered segregation ratios.

In the field of Advanced Materials and Analysis, various materials were developed by
applying effects of single-ion, cluster-ions, electrons and gamma-ray irradiations:
dehydrogenation catalysis based on Pd/Pt epitaxial film, polyvinylpyrrolidone nanowire/fiber
with Au or Pt nanoparticles, polycarbosilane or Sodalite Zeolite membrane respectively for
gas or water permeation, SiC nanotubes and PDMS MZ waveguides film for
electronic/optical devices, low-impurity charge stripper foils for RCS at J-PARC, hydrogen
storage alloy, KMPR resist for proton-beam lithography, and hardness modified AL-Mg-SI
alloy. Analyses of characteristics of various materials with and without irradiation were
performed using photospectrometry (PL, CL, IL, and Laser-induced breakdown spectroscopy),
microscopy (TEM, AFM, SEM), ESR and radiation-applied analysis, e.g. PIXE/PIGE,
ILUMIS, IBIC, EELS, AXIC, SXRD, positron annihilation spectroscopy used for
current-induced spin polarization, and SPM.

As for the Novel Technology, radiation chemistry studies on radiolysis in water or organic
solution and copolymerization of gel were carried out using pulsed and continuous MeV ion
beams, respectively. Different kinds of radiation measurements were also studied on a
neutron detector based on TOF measurement, wall-less TE proportional counter, fluorescent
plate, and a neutrino detector based on Radar reflection/simulation. Characteristics of
alanine dosimeter, ionizing chamber, Gafchromic films (HD-V2, EBT3), CVD diamond film,
Li-glass and Al,O5:C scintillators were examined as new detectors. The fundamental studies
on the interaction between MeV/atom cluster ions, e.g. C,-Cgo, and target materials were
performed on the basis of the measurement of secondary ions/electrons emitted from thin foil
targets, and the theoretical simulation of their particle behavior. Technical developments
were also in progress on negative-ion source and charge exchange process for getting higher
intensity of Cgy beams, and beam transmission control using nanoporous film or curved
insulating channel. Some trial-base applications of cluster ions were also performed on
nanowire fabrication, magnetic property change of FeRh, and biomedical molecular imaging
for phenylalanine. Developments/improvements of common technology at AVF cyclotron
for focusing microbeam irradiation and wide uniform irradiation were in progress besides
emittance/acceptance control technique for higher intensity beams. Development of
compact focused gaseous MeV ion beam system for 3D printer application was also in

progress as off-line experiment.
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About the Status of Irradiation Facilities, all the accelerators in TIARA, the AVF
cyclotron, the 3-MV tandem accelerator, the 3-MV single ended accelerator and the 400-kV
ion implanter, were operated steadily and safely as well as MeV-electron and Co-60
gamma-ray irradiation facilities. Total operation times of the tandem accelerator, the
single-ended accelerator and the ion implanter were 40,733, 46,383 and 36,170 hours,
respectively, since the beginning of their operation. The total number of experiments made
by various users using the AVF cyclotron was 10,336 from the first beam extraction in 1991 to
March 2014, as a result of continuous efforts such as regular maintenance and trouble

shooting.

Masao Tamada,
Director General
Takasaki Advanced Radiation Research Institute

Sector of Nuclear Science Research

Japan Atomic Energy Agency
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Study on Radiation Resistance of

Next Generation Space Solar Cells

T. Nakamura ¥, T. Sumita®, M. Imaizumi ,

)

S.-i. Sato ”, H. Abe  and T. Ohshima ®

2) Aerospace Research and Development Directorate, JAXA,
® Environment and Industrial Materials Research Division, QuBS, JAEA

The space power systems group in JAXA is studying
ways to enhance the reliability and performance of power
generating solar paddles for space application by reducing
their size and weight. There are two important parameters
for reducing size, that are conversion efficiency at the
beginning of life (BOL) and radiation resistance for bear the
severe radiological environment in space. Multi-junction
(MJ) solar cells are currently standard power generators for
space use since it is high conversion efficiency compared
with single-junction (1J) solar cells. Inverted metamorphic
triple-junction (IMM3J) solar cells, which attract our great
attention as next-generation space solar cells. They have
InGaAs bottom subcell instead of Ge in conventional
InGaP/(In)GaAs/Ge Triple-junction (3J) solar cells. We
aim to develop IMM3J solar cells for space use in order to
further enhance conversion efficiency, radiation hardness,
and weight saving of solar paddles. In this study, we
prepared bare type (no coverglass) InGaP/GaAs/InGaAs
prototyped IMM3J and conventional 3J solar cells to
compare the radiation hardness. These cells were
irradiated with protons and electrons at TARRI, JAEA.
Figure 1 shows the performance degradation due to 1 MeV
electron irradiation. Closed and open symbols denote the
experimental data of IMM3J and conventional 3J solar cells,
respectively. The solid and dashed lines depict the fitting
results using the following equation: Remaining factor =
(EOL/BOL) = 1- A*log(1+®/B). The remaining factor
(normalized value) of maximum power (Pmax) of IMM3J
was slightly inferior to the conventional 3J owing to the
degradation of fill-factor (FF). On the other hand, the
radiation resistance of IMM3J was superior in terms of
short-circuit current (Isc).  Therefore, the degradation
mechanism of FF in IMM3J should be clarified in order to
improve the radiation resistance of IMM3J cells.

We also investigate radiation effects on quantum dot
(QD) solar cells, which are considered as the third
generation solar cell. Solar cells with QD structure are
expected to have extremely high conversion efficiency even
in the 1J device.  Also, the development of MJ solar cells
with quantum structure is carried out in order to improve the
radiation resistance?. We fabricated GaAs PiN solar cells,
of which i-layers contain self-organized In4GagcAs QD
layers, and investigated the degradation behavior due to
150 keV proton irradiation. The degradation of GaAs PiN
solar cell without QD structure (non-QD) was also
investigated for comparison. Protons with energies of
150 keV damage seriously to the interface between QD and

base layers, according to SRIM simulation. Figure 2
shows the degradations of FF due to 150 keV proton

irradiation. Closed and open symbols denote the
experimental data of QD and non-QD solar cells,
respectively. The degradations of FF were more

remarkable in QD cell than non-QD cell.  Since the serious
degradation of FF has been similarly found in solar cells
with quantum well (QW) structure, it might be due to the
introduction of quantum structure. Further investigation is

necessary to clarify the cause of the FF degradation.

References

1) A. Luque & A. Marti, Phys. Rev. Lett. 78 (1997)
5014-16.

2) C. Kerestes et al., IEEE J. Photovoltaics 4 (2014)
224-33.
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Proton Induced Degradation of GaAs Solar Cells with

InGaAs Quantum Dot Layers

S.-i. Sato®, T. Ohshima ¥, T. Nakamura *, M. Imaizumi ”, T. Sugaya , K. Matsubara ©,
S. Niki 9, A. Takeda ¥ and Y. Okano ¥

% Environment and Industrial Materials Research Division, QuBS, JAEA,
b Aerospace Research and Development Directorate, JAXA,
© Research Center for Photovoltaic Technology, AIST, ¥ Tokyo City University

I. Introduction

The amount of solar array panels mounted on satellites is
limited and the required electric power increases day by day.
Solar cells with highly stacked layers containing
well-aligned quantum dots (QDs) are regarded as promising
candidates for space applications as well as terrestrial
applications owing to the potential of extremely high
efficiency. For example, it was reported that the highest
power conversion efficiency for QD solar cells was
estimated to be above 60%, if the intermediate band or
miniband structures can be formed". Contrary to the
terrestrial use, however, the electrical performance at the
end of mission is more important than that at the begging of
mission for space use because energetic particles such as
electrons and protons in space induce the significant
degradation. Therefore, the radiation response of electrical
performance should be clarified for space applications.

II. Experimental

Figure 1 shows the schematic cross-section of sample.
The solar cells used in this study were GaAs PiN structures,
of which i-layers contain self-organized Ing4GagcAs QD
layers, grown on Si-doped GaAs (001) by Molecular Beam
Epitaxy (MBE). The active area of the solar cells was 0.38
x0.38 cm®.  Since 50 stacked 2 nm QD layers were grown
with 20 nm thick GaAs buffer layer, the thickness of i-layer
for the 50 QD solar cell was 1.1 pum. For comparison,
GaAs PiN solar cells with an i-layer at a thickness of 1.1 um
were fabricated under the same process without the
fabrication of the QD layers (non-QD).

Both solar cells were irradiated with 150 keV and 3 MeV
protons under dark conditions. Protons with energy of
150 keV create damage mainly in i-layer (QD layers)
whereas protons with energy of 3 MeV create damage
The electrical characteristics
Mass light

mainly in n-type substrate.

were measured in-situ under Air Zero
illumination.
II1. Results

Compared to non-QD solar cells, QD solar cells showed
higher short-circuit current (Isc) but lower open-circuit
As a result, the values of
output maximum (Pmax) for both solar cells were
comparable (12.9-13.8 mW/cm?). Figure 2 shows
degradation of Pmax due to 3 MeV and 150 keV protons.

The values of Pmax were normalized the values before

voltage (Voc) before irradiation.

irradiation. In the case of 3 MeV protons, the degradation
of QD solar cell was slightly smaller than that of non-QD

solar cell at the fluence up to 5x10'% cm™.

However, the
QD solar cell was degraded rapidly at the fluence above 5 x
102 cm?, and the non-QD solar cell kept higher value at
above 1 x 10" cm™.

irradiation, the larger degradation was observed since larger

In the case of 150 keV-proton

damage was expected to be created in i-layer (drift region)
compared to 3 MeV protons. However, the degradation
behavior of both solar cells due to 150 keV-proton
irradiation was similar to that due to 3 MeV proton
irradiation.

In this study, we investigated the degradation behavior of
QD solar cells due to proton irradiation and compare the
radiation resistance to solar cells without QD structure.
The obtained results provide the information necessary to
clarify the mechanism of radiation degradation and to
improve the radiation resistance of QD solar cells.
Reference
1) A. Luque et al., Phys. Rev. Lett. 78 (1997) 5014-16.
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Fig. 1 Schematic cross-section of GaAs PiN solar cells
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Advanced Rad-Hard DICE Circuit for

Angled Irradiation on 65nm Bulk CMOS Process

A. Maru®, H. Shindou”, S. Kuboyama®, T. Tamura®, H. Abe® and T. Ohshima®

al)Aelrospace Research and Development Directorate, Japan Aerospace Exploration Agency (JAXA),
®Environment and Industrial Materials Research Division, QuBS, JAEA

Due to the demands for higher density integration and
device downsizing, transistors which are used in the logical
circuits have been fabricating with less than 100 nm CMOS
Single-Event Upset (SEU) and Single-Event
(SET) phenomena are considered
problems for those integrated circuits, because their supply
voltage and the threshold to the phenomena are also
decreasing. It was reported that Dual Interlocked Storage
Cell (DICE) circuit is the hardened topology against
SEU"?. However, in highly integrated circuits, it was
reported that two neighboring transistors
simultaneously inverted by an incident particle due to the
charge sharing mechanism®. In such situation, the SEU
tolerance of DICE circuits may be invalidated. Therefore,
it is important for the design of highly integrated DICE
circuits used in space to estimate the extent of the charge
sharing.

In the past study®, we evaluated the effectiveness of the
Radiation Hardness By Design (RHBD) approach for 90 nm
CMOS process, by using heavy ions from AVF cyclotron at
JAEA. The original DICE memory test circuit was
fabricated by using 90 nm bulk CMOS process and the
angled irradiation testing was performed with this circuit.
As a result, SEUs were observed in the original DICE
memory circuit when heavy ions were irradiated with
grazing angles. This result can be explained by the
simultaneous inversion of a critical transistor pair which
triggers SEU in the original DICE memory. Due to the
penetration of a single heavy ion into the critical transistor
pair, SEUs were observed in the previous experiments. To
mitigate this we proposed new topology of DICE circuits.
In our latest work, we fabricated the new type of DICE
circuit named “Hyper DICE” on the 65 nm bulk CMOS
The test samples were fabricated by Taiwan
Manufacturing  Company  (TSMC).
Figure 1 (b) shows the Hyper DICE design concept for
mitigating SEUs due to multiple transistor inversion. As
shown in Fig. 1 (a), the original DICE is composed by eight

process.

Transient serious

were

process.
Semiconductor

transistors and keeps its memory state by two memory nodes.

lo o

Stable Isolate Stable Isolate

(b) Hyper DICE circuit

Stable Isolate Stable Isolate

(a) Original DICE circuit

Fig. 1
circuit.

Design concept of original DICE and Hyper DICE

Therefore if two critical transistors of this two memory
nodes invert simultaneously, the original DICE memory
state upsets. On the other hand, Hyper DICE circuit has
four memory nodes to keep its memory state as shown in
Fig. 1 (b). Since the Hyper DICE circuit have double
memory node than the original DICE circuit, SEUs have
never observed by single ion irradiation.

The test samples were evaluated by using heavy ions
with LET of 40.3 ~ 68.8 MeV/(mg/cm?). For the angle
irradiation experiments, the test chip was tilted 60 degrees
and rotated 0~360 degrees. Figure 2 shows the angled
irradiation test results of the Hyper DICE circuit. The
results indicated that sensitive angle exists around the angle
of 90 degrees. When the angle is 90 degrees, the irradiated
single ion penetrated along the Vdd-Gnd line in the Hyper
DICE circuit. Therefore, it is estimated that the critical
transistors are making a line along the Vdd-Gnd line.
There is the possibility to improve SEU tolerance by
modifying transistor layout. We continue evaluating newly
developed DICE circuits, and will modify the transistor
layout in next stage.
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The catastrophic failure in Metal-Oxide-Semiconductor
(MOS) devices induced by the incidence of ions is known as
Single Event Gate Rupture (SEGR). The issue of SEGR
arises in MOS power devices for not only space but also
terrestrial applications led by neutrons created by cosmic
rays even on the ground. Silicon Carbide (SiC) is a
promising wide-band-gap semiconductor for electronic
devices. However, SEGR in SiC MOS devices has not yet
been fully understood. It is expected that the provability of
SEGR might increase with the electric field applied to
devices. Since the electric field in SiC devices must be
higher than Si devices, it is very important for development
of radiation hardness SiC devices to understand the
responses of SEGR. We investigated Linear Energy
Transfer (LET) dependence of critical electric field (£,,) at
which SEGR occurs in SiC MOS capacitors.

The MOS capacitors used in this study were fabricated
on an n-type 4H-SiC epitaxial layer either 4.9 or 20 pm
thick grown on an n-type 4H-SiC substrate (8° off, Si-face).
The gate oxides with two different thicknesses were formed
by the pyrogenic oxidation. The thicknesses of the gate
oxides were estimated from capacitance-voltage (C-V)
measurements to be 16.8 £ 2.0 nm and 72.5 £ 12.5 nm.
Samples were irradiated with nickel ions at 9 and 18 MeV,
krypton ions at 322 MeV, xenon ions at 454 MeV, and
osmium ions at 490 MeV. The LET of heavy ions was
ranged from 14.6 to 94.2 MeVecm’/mg. During the ion
irradiation the current through the gate oxide of the MOS
capacitors was monitored under direct current (DC) biases.
They were biased from 1.0 to 14 MV/cm toward the
accumulation condition. Because we observed destruction
of the gate oxide when the current density was 1 A/cm’
using optical microscope, we defined the E,, as the electric
field at which the current density exceeded 1 A/cm?.

The currents density through the gate oxide of the
4H-SiC MOS capacitors with and without ion irradiation is
shown in Fig. 1 as a function of the electric field applied to
the gate oxides. For no-irradiation samples, the current
densities below 8 MV/cm are under 10°® A/cm®  This
indicates that the quality of the gate oxides is sufficient with
regard to the current density. After increasing gradually,
the current density increases sharply to 1 A/em”.  Although
the electric field dependence of the current density is
qualitatively similar to all samples, the E,, for an irradiated
sample is smaller than that for a sample without irradiation
(E.9) and decreases with increasing LETs. This results
indicates that SEGR occurs at a lower electric field when
ions with a higher LET penetrate SiC MOS devices.

107} |t,.=168nm
—=— No-irrad.
—e—Ni-18 MeV
10 | |—A— 0s-490 Mev

t,=725nm

10" | |—O— No-irrad.
—O— Ni-18 MeV
—4— 0s-490 MeV/

Current Density [A/cm’]

0o 2 4 6 8 10 1
Electrical Field [MV/cm]
Fig. 1 Leakage current densities of SiC MOS capacitors
with and without heavy ion irradiation.

Figure 2 shows the LET dependence of the reciprocal of
E.. (1/E.) for SiC MOS capacitors with thin and thick gate
oxides. The E. values reported for Si MOS capacitors
with 18-nm-thick gate oxide are also plotted in the figure for
comparison”. For both SiC MOS capacitors with thin and
thick oxide, the values of 1/E, increased linearly with
increasing LET. A linear relation between LET and l/E,,
has been reported for Si MOS capacitors”. However, the
slopes of the LET-1/E,, lines for Si MOS capacitors was
larger than those of the LET-1/E, lines for SiC MOS
capacitors. This result suggests that SiC MOS devices are
less susceptible to SEGR than Si MOS capacitors, especially
in high LET regions. For oxide thickness dependence, SiC
MOS capacitors with thin oxide showed lower 1/E,, values
than those with thick oxide at each LET value. Thus, this
indicate SiC MOS capacitors with thin oxide have higher
SEGR resistance than those with thick oxide.
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Fig. 2 LET dependence of SEGR electric field in SiC and
Si MOS capacitors.
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Gallium Nitride (GaN) High Electron Mobility Transistor
(HEMTs) is one of the most promising candidates for a
high-frequency and high-power Solid-State Power Amplifier
(SSPA). The benefit of GaN is that compact, lightweight,
and energy-efficient devices operating at high temperature
can be developed. Moreover, GaN is known to be resistant
to radiation damage owing to its high displacement energy.
To use GaN HEMTs in a space radiation environment, it is
necessary to perform a reliability test with gamma rays,
electrons, protons, neutrons, and heavy ions. In this study,
we evaluate the enhanced charge collection in GaN HEMTs
by measuring the transient currents induced by a heavy ion.

The high-speed transient currents generated by incident
ions are measured with the Transient Ion Beam Induced
Current (TIBIC) system at Japan Atomic Energy Agency
(JAEA), Takasaki. Figures 1 (a), (b), (c) show the
averaged transient gate, drain, and source currents when
18 MeV-Ni ions strike the gate electrode in the off state
(Vg=-10 V), pinch-off state (V,= -2.5 V), and on state (V=
-1 V). As shown, the positive gate and source currents and
the negative drain current are observed for all biases. The
absolute drain current is found to be equivalent to the sum of
the source and gate currents because of charge neutrality.
Figure 1 (d) shows the drain currents as a function of time at
various drain biases. It is found that the transient currents
increase with increase in applied bias.

The largest charge enhancement is
18 MeV-Ni ions strike the center of gate electrode in the
pinch-off bias condition as shown in Fig. 1 (b). The
collected charges in the pinch-off and on states are several
orders of magnitude higher than that in the off state.
Similar enhanced charge collection has been observed in
other HEMTs and MESFETs. We suggest that the bipolar
and the back-channel effects, which are found in other
HEMTs and MESFETs "2, are associated with an enhanced
charge collection. The experimental results suggest that
the back-channel effect is a significant enhanced charge
collection mechanism in GaN HEMTs®. The key point of
the back-channel effect is the positive charge accumulation
in the GaN layer under the gate. The positive charges
reduce the potential barrier between the source and the
channel, resulting in the current from the source to the drain.
In addition to this, we suggest that the positive fixed charges
in the AlGaN layer contribute to the enhanced charge
collection. The reason for the largest enhancement at the
gate electrode is due to positive charges in both the AlGaN
and the GaN layers. To confirm these assumptions, the
numerical simulation is required.
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Fig. 1 Averaged transient gate, drain and source currents

when 18 MeV Ni ions strike the gate electrode at the
following bias configuration; (a) the off state, (b) pinch
off state, and (c) the on state. For all cases the drain is
biased at +30 V and the source is grounded. (d) the
averaged transient drain currents at drain biases of +10,
+20, and +30 V, respectively.
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1. Introduction

Nano satellite development, typically less than 50 kg has
been active in Japanese universities and companies for quite
On Board Computers (OBCs) which are used in
nano satellites consist of commercial off the shelf (COTS)
components. They are usually exposed to Total Ionization
Dose (TID) test. Single Event Effect (SEE) test is rarely
performed because of the test difficulty, costs and scarcity of

a while.

available test facilities. However, to ultimately ensure the
safe and correct operation of nano satellite, SEE test is
necessary to be performed. Actually, SEE occurring on
some nano satellites, including Kyutech’s satellite
“Horyu-2”, was reported”. The following are the purposes
of this fiscal year tests: 1) Establishment of the irradiation
test method, 2) Observation of SEE and 3) Checking the
SEE mitigation technique and reset system. The tested
components were the H8-(36057) and the (Virtex 5-LX50)

FPGA.

2. Experimental setup

Figure 1 shows experimental setup schematic. HS and
the FPGA, Device-Under-Test (DUT), were mounted on a
PCB plate.
surface. The cupper plate had a small aperture (67 mm) to
pass the proton beam to the DUT. The proton beam

A cupper plate covered most of the DUT’s

condition as energy and flux were: 65 MeV and 1% 10° to
5 x 107 particles/cm?/s.
equipped shutter. It was measured by a pico ammeter
(Keithley 6485). DUTs were controlled by PCs through
serial communication links and remotely monitored over
LAN connections. DAQ based on LabVIEW was used to
collect voltage and current measurements. DC relay was
used to implement a reset system to recover from latch ups
and upsets.

The flux was adjusted by an

OBC board (H8
and FPGA

| pag

PC

Proton Beam
— USB line

we Power line

Current
~—— Current line

== Serial data line

Current measurement line
for flux

1Q (—| From Power supply

1
------- > [Camizc]

Schematic of setup.

Fig. 1

3. Experimental Results
3.1 H8 microprocessors
With respect to H8 processor, we checked the latch up

current and probability of SEE. Table 1 shows the
summary of H8. Averaged time to SEL decreased with
increasing of flux. However, the latch up current was the
same for each flux. From the device cross-section, we
could estimate the number of SEE in LEO orbit. ~Since the
flux of proton in LEO is
10° particles/cm®/s ?, the estimated occurrence of SEL is
39.6 times/year for the H8. In Horyu-2 case, it was
expected that SEL occurred at least 3 times/year”. The
difference between experimental results and orbit data
seems to be caused by the structure of satellite as aluminum
because the OBC mounted on Horyu-2 was not directly
exposed to the space.

nominal the order of

Table 1 Summary of H8 processor.

B FI Averaged Averaged Device
e;im 2 ux time to SEL latch up current cross-section
[-/emss] [s] [A] [cm*/device]

4.98% 10’ 18.07 0.18 1.11x10°

1.11x107 93.9 0.18 9.56x 100

3.2 FPGA

SEUs were
recorded and used to calculate the average proton static

SEL was not observed during the tests.

cross section at 65 MeV. Figure 2 shows the count of
frame errors versus irradiation time at 2 flux levels. From
these results, the average static cross section, based on the
upset-bit-cross-section and event-bit-cross-section of the
MBUs count, is estimated as 7.13 x 10'* cm?/bit and NASA

value is 6.37 x 107 cm?/bit ¥.
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Fig. 2 The count of frame errors versus irradiation time.
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We clarified electrical properties of 380 keV proton irradiated GaN-based light emitting diode (LED).
electrical and luminescence characteristics were investigated after the proton irradiation of 1 x 10" cm’
two-terminal resistance of p-type layer of LED showed considerable increase.

Degradation of
2 where the
Lower initial carrier density in p-GaN is a

key to explain the properties of proton irradiated GaN-based LEDs.
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NV (nitrogen-vacancy) center in diamond is a pair of
substitutional nitrogen and adjacent vacancy. The
negatively charged state (NV~, S=1) has unique properties as
solid-state spin qubit such as optical initialization, optical
readout, and long coherence time, all at room temperature
(RT). NV centers are observable as single centers at RT by
confocal microscopy (CFM).

NV centers are fabricated as radiation damages by
electron irradiation and subsequent annealing (800 °C to
1,000 °C). Among nitrogen impurity (N) in a crystal, a
part contributes to form NV by trapping vacancy created by
electron irradiation, while the rest plays a role of donors to
stabilize the negative charge state (NV"). The NV centers
(INV]=~3 ppm) produced in a type-Ib synthetic high-
pressure high-temperature (HPHT) crystal have been
utilized as hybrid system of superconducting qubit and
ensemble of electron spins . We have extended the
method of fabrication of NV to high purity diamond crystal
by using 2 MeV electron irradiation of low dose (1 x10'" to
5x10" cm™).

(1) Nitrogen distribution in high purity HPHT crystal

The distribution of nitrogen in a HPHT crystal is
non-uniform depending strongly on the growth sectors. We
have created single NV centers in high purity ([N,’]=4 ppb

measured by electron spin resonance) type-Ila HPHT crystal.

The NV centers are observed in {100} growth sectors
(INV7]~0.001 ppb) but not in {111} growth sectors by CFM.
Thus, the original non-uniform distribution of N has been
revealed by the distribution of NV centers formed from NS,
even in the low nitrogen concentration.
(2) QEC (quantum error correction) using hybrid quantum
register

ODMR (optically detected magnetic resonance) of
individual NV centers have been taken for the NV centers
formed by electron irradiation and annealing of '*C 99.8%
enriched high purity ([Ns"]<1 ppb) CVD (chemical vapor
deposition) single crystal diamond. A center exhibiting
resolved hyperfine spectrum of two "*C nuclei located at
~0.4 and ~0.6 nm away from the electron spin in addition to
N has been selected from ~3,000 NV centers. The NV
center has been utilized as hybrid quantum register of three
nuclear spin qubits and an ancillary electron spin for
demonstrating QEC. Quantum information of qubits is
easily lost by unavoidable environmental noise. Thus,
QEC is essential for scale-up of quantum-computing,
otherwise the number of gate operations is severely limited
by the coherence time. Nuclear spins are qubits of

extraordinary long coherence time at RT.  However,
two-qubit and three-qubit gates are slow due to weak

Here, three nuclear
This ancillary electron
spin has been utilized not only to attain fast two-qubit
CNOT and three-qubit CCNOT gates but also to initialize
with high fidelity (99%) and readout, in single-shot, nuclear
spin qubits, individually. As a reliable three-qubit quantum
register, experimental implementation of three-qubit QEC
code, first time for solid-state spin qubits at RT, has been
achieved (Fig. 1)?.
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primary qubit (quantum USRS, .
i i

information to be protected) | encoding | entanglement
|w>=a0>+p 1> 1 Fed //—\\—.
j w>= a 000>+ jjiil>
additional 10> K IR l El )_
ancilla qubits D u
0> =

|y>=0]0>+p|1> P s

correction

NV 0> n 2, m, ff 2 Iy

uy 0>

=

13c1 0>

BC, [p=a>+pit> [ﬂ [‘%L

L

gl

Fig. 1
implemented in the experiment.

Three-qubit QEC code and quantum circuit
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We have been developing a CMOS pixel device (QPIX)
using 0.18 pum process as shown in Fig. 1. The pixel size is
200 pm?, and 20 times 20 pixels are implemented on a
silicon chip. Each pixel is composed of two main blocks:
I o the analog block

' SLLLL «wm | consisting of the
amplifier, the
integrator, the
comparator  and
the  Successive
Approximation

Analog-Digital

| Converter
(ADC); and the
block
mainly consisting
of  the
control logic, the
14-bit
Time-of-Flight (TOF) counter, the 10-bit ADC resister and
the 8-bit Time-over-Threshold (TOT) register. The system
clock of 100 MHz determines the timing resolution of TOF
and TOT. The pixel size is 200 pm x 200 um, and the size
of active circuit area is 130 pm times 140 um. The QPIX
measures a charged particle track by the x-y position of the
pixel and the z position by TOF, and the energy deposit (Q)
is measured by ADC 2.

The TOT scheme is employed for dE/dx measurement in
other ASIC developments, but TOT depends on the particle
incidence angle to QPIX (e.g. TOT of a perpendicular track
is smaller than that of a parallel track to the Time Projection
Chamber:TPC electric field). Therefore we employ ADC
for dE/dx measurement.
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Fig. 1 Micrograph of QPIX chip.
The size is 25 mm?.

pixel

We developed a TPC shown in Fig. 2. The length of the
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Fig. 2 Cross section of the time projection chamber for
heavy ion beam test at TIARA.
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Fig. 3 Event display of the QPIX-TPC beam test. The
color indicates ADC, TOF and TOT count.
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Fig. 4 Residual distribution from fitted tracks. The
resolution is 230 pm, because non uniformity of electric
field affects the resolution due to the cover at the edge of
QPIX and the hole pitch on the GEMs.

drift region is 28 mm. The beam is injected in the drift
region, and electrons generated by heavy ion drift to the Gas
Electron Multipliers (GEM).
by GEM, electrons generate mirror charge on the electrode
on QPIX.

We used 335 MeV O”" beam. As shown in Fig. 3 and
Fig. 4, QPIX-TPC successfully observed three dimensional
ion tracks and its dE/dx.

After electron amplification

References
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Radiolytic Stability of Metal Hexacyanoferrate Film as

Adsorbent for Recovery of Cesium Ion

M. Arisaka a), M. Watanabe a), M. Ishizaki b), M. Kurihara b), R. Chen ® and H. Tanaka

% Division of Chemistry for Nuclear Engineering, NSED, JAEA,
®) Department of Material and Biological Chemistry, Faculty of Science, Yamagata University,
© Nanosystem Research Institute, National Institute of Advanced Industrial Science and Technology

Introduction
Metal hexacyanoferrate, MHCEF,
adsorbent for selective adsorption of cesium (Cs) ion in

is known as an
solutions. In nuclear industry, applications of MHCF to
recovery of Cs from high level radioactive wastes have been
studied. Recently, we reported an electrochemical
application of MHCF (M = Fe, Cu or Ni) film for Cs
recovery from nitric acid (HNO;) solutions. It was found
that Cs loading and unloading can be easily controlled by
modulating the film potential“?.  Although it was revealed
that radiolytic decomposition of MHCF powder in HNO;
solution can be ignored in the adsorbed dose range from 50
- 300 kGy, the stability of MHCEF film is not investigated.

In this study, the influence of irradiation with
gamma-rays to MHCF films on stability in HNO; solutions
was investigated.

Experimental

Irradiated sample is a SUS316L plate coated by MHCF
film soaked into 0.5 and 1.0 mol/dm® HNO; solution.
MHCF used in this study is as follows; Fe™,[Fe(CN)q];
(FeHCF), Cu';[Fe"(CN)¢], (CuHCF), Ni's[Fe"(CN)q],
(NiHCF).

Irradiation with gamma-rays was done at the Co-60
gamma ray irradiation facilities in Takasaki Advanced
Radiation Research Institute of JAEA. Samples in glass
tubes were intermittently irradiated with gamma-rays from

50
L e Fe L
° Cu
40 H
| . . |
30 o N
= o
o
20 o o N
0% o -
] |
0 | |
0 100 200 300
kGy
Fig. 1 Weight percents (wt%) of Fe and Cu dissolved into

1.0 mol/dm® HNOj to initial weight of CuHCF.

1.0 x 10'® Bq ®Co source at an absorbed dose rate of
10 kGy h™' in air at room temperature for a maximum of
27 hours. A dose absorbed by each sample was corrected
for an electron density. Absorbed doses were calibrated by
a cellulose triacetate film dosimeter.

For evaluation of radiolytic stability of MHCF film,
HNO; solutions were separated from the sample by filtration
after the irradiation, and amounts of M were determined by
ICP-MS.

Results and Discussion

The weight percent (wt%) of M (M =Fe, Cu or Ni)
dissolved into 0.5 and 1.0 mol/dm® HNOj to initial weight of
MHCF was determined. As an example, the result for
CuHCF film soaked into 1.0 mol/dm®> HNO; is shown in
Fig. 1. It was found that the wt% of M increased gradually
until 70 kGy, and then kept constant independent of further
adsorbed dose. Similar dissolution behaviors were
observed for FeHCF and NiHCF. The result under
0.5 mol/dm® HNO, condition was almost equivalent to that
under 1.0 mol/dm®> HNO; condition for three MHCF
examined in this study. This indicates that HNO; would
not participate in the radiolytic decomposition of MHCF
film in this system.

The evaluation for electrochemical Cs adsorption ability
using the irradiated MHCF films is in progress now. On
the other hand, take the stability of MHCEF film into account,
it is necessary to develop the fixation method of MHCF
because the stability of MHCF powder is high under same
experimental condition, i.e., the wt% of dissolved M; 0.05%
at 300 kGy .
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reusable cesium recovery system by electrochemical
adsorption/desorption” entrusted to JAEA and AIST by
Japan Science and Technology Agency (JST).
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Cyanide Generation from Adsorbents Containing

Ferrocyanides and Polyacrylonitrile by
Gamma Irradiation

Y. Itoh, Y. Saitoh and J. Kojima

Tokai Reprocessing Technology Development Center, NFCEL, JAEA

Treatment of low-level radioactive liquid wastes (LLW)
generated from Tokai reprocessing plant are planned in
Low-level radioactive Waste Treatment Facility (LWTF).

By treatment of co-precipitation and ultra-filtration in the
LWTF, the LLW consist of highly concentrated sodium
nitrate containing radioactive nuclide (137Cs and 90Sr).

NiFC-SG and READ-Sr are known as adsorbents for
selective adsorption of 137Cs or 90Sr from solutions .
Here, NiFC-SG is made from nickel ferrocyanides
(Ni,Fe(CN)s) -loaded silica gels. READ-Sr is made from
sodium titanate and polyacrylonitrile (PAN, [CH,CH(CN)],),
the PAN is used as binder.

However it is necessary to confirm cyanide generation by
radiolysis of the ferrocyanides and the PAN contained in
these adsorbents, because the cyanide is hazardous substance
for its disposal.

In this study, each NiFC-SG and READ-Sr adsorbents
were contacting with simulated LLW (5 M NaNO; solution)
or demineralized water in a vial at room temperature, and
were irradiated with Co-60 gamma-rays at a dose rate of
around 3 kGy/h. The maximum accumulated dose of each
adsorbent was around 2.2 MGy.

After the gamma irradiation, the adsorbents were
separated from the contacted solution, and the remained
The
cyanide concentration was determined by colorimetry with

solution was centrifuged to provide for analysis.

pyridine-pyrazolone.

Figure 1 shows the cyanide concentration generated by
the NiFC-SG and READ-Sr adsorbents contacting with the
simulated LLW or the demineralized water.

In the NiFC-SG adsorbents, the cyanide concentration in

50

[ READ-Sr ( Simulatgd LLW )
40 +
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Fig. 1  Cyanide(CN") generation from NiFC-SG and
READ-Sr in the simulated LLW or demineralized water.

the simulated LLW increased with the absorbed dose, but the
cyanide concentration in the demineralized water was less
than 0.3 mg/L and independent on the absorbed dose.

On the other hand, in the READ-Sr adsorbents, the
cyanide concentration increased with the absorbed dose in
the both cases. And also, in the simulated LLW, it was
found that the cyanide concentration in the case of the
READ-Sr adsorbents was higher than the NiFC-SG
adsorbents. Thus PAN is likely to generate cyanide by
gamma irradiation compared with ferrocyanides.

Nitrous acid ion was generated in the simulated LLW by
radiolysis of nitrate ion. We investigated the correlation
between the cyanide concentration and the nitrous acid ion.
As shown in Fig. 2, it was confirmed that the cyanide
the NiFC-SG adsorbents
increased with the nitrous acid ion concentration.

concentration from linearly
Therefore it was considered that the cyanide generated
from the ferrocyanides in the simulated LLW was due to the
influence of the nitrous acid generated by gamma radiation.
In future studies, we are planning to apply inorganic
adsorbents without ferrocyanides and PAN.
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Electron Beam Irradiation on the Titanate Adsorbent for

Sr Recovery

S. Watanabe, M. Nakamura, A. Shibata, K. Nomura and Y. Nakajima

Department of Fukushima Technology Development, NFCEL, JAEA

A titanium oxide based compound (titanate salt) is one of
candidates for radioactive Sr recovery from liquid waste
generated in the nuclear facility. °°Sr is one of the most
important nuclides, which should be removed from the
waste before releasing it into the environment due to its
strong beta-ray decay energy. The titanate is well known
to show excellent ion exchange performance on a divalent
cation adsorption, and is employed in the Advanced Liquid
Processing  System  (ALPS) for radioactive Sr
decontamination”. The spent adsorbents are planned to be
filled in the waste storage container (HIC) and stored in the
temporary storage facility. However, their resistance to
radiations from radioactive elements adsorbed is not widely
investigated so far, and the durability against radiations is
necessary to be investigated for the safe storage. In this
study, we synthesized a hydrous titanic acid ion exchanger
according to an article®, and Sr adsorption performances of
irradiated adsorbent and resistance to beta-ray irradiation
were evaluated.

The beta-ray emission from *°Sr was simulated by
electron beam from 1% accelerator. One g of the cation
exchanger initially kept Sr in it and 10 mL of water were put
in stainless dish and sealed by kapton film. Then they were
irradiated by 1 mA of the electron beam for 30-60 min.
Incident energy of the electron was parametrically changed.
The dose rate of the incident beam with contribution of
backscattered electron from the dish was measured by
cellulose triacetate dosimeters. Durability of the cation
exchanger against electron beam irradiation was evaluated
through changes in Sr concentration of the water and in local
structure by batch wise adsorption experiments and Sr and
K-edge Extended X-ray Absorption Fine Structure (EXAFS)
measurements, respectively. The EXAFS measurements
were carried out at BL27B beamline of Photon Factory in
High Energy Accelerator Research Organization (KEK),
Japan.

As shown in Fig. 1, appearance of the color change of

adsorbent changed from white to yellow after the electron
beam irradiation. The change in the appearance was not
observed during heating up to 373 K though weight of the
in 67%, therefore the electron
irradiation possibly influenced on structure of the titanate.

adsorbent decreased

The irradiation conditions and the concentration of Sr
Some part of Sr initially kept
in the cation exchanger was eluted after the irradiation.
Amount of the eluted Sr after 30 min irradiation with 1 MeV
electron was about 1% of the initially absorbed, and the
However, the
elution of Sr was suppressed when the incident energy was
changed during the irradiation. Therefore, interaction
between electrons and the titanate is considered to depend
on the incident energy of the electron.

Sr-K EXAFS analysis revealed that the number of the
nearest O around Sr decreased by the irradiation while the
It is reasonable to

eluted are shown in Table 1.

amount increased with increasing the dose.

nearest Sr-O distance did not changed.
consider that the elution of Sr was attributed to defects of O
in the titanate caused by the electron irradiation.

Fig. 1 Titanete adsorbent (left; before the irradiation, right;
after the irradiation).

References

1) Tokyo Electric Power Company, Handouts at press
conference 2012, June 25 (2012).

2) T. Fujiwara, JAEA-Testing 2012-004 (2012).

Table 1 Composition of the supernatant solution at before and after the irradiation.
Irradiation conditions Dose rate (kGy/s) Irradiation Dose (MGy) Sr eluted (mg/L)
1 MeV, 1 mA x 30 min 0.75 1.4 21
1 MeV, 1mA X 60 min 0.75 2.7 25
0.5 MeV, 1mA x 10 min 0.45
1 MeV, 1mA X 10 min 0.75 1.4% 11
2 MeV, 1mA X 10 min 1.05

*The dose rate was changed during the irradiation, and the irradiation dose was total value.
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Characterization of Composite Adsorbent for Minor

Actinides by Micro-PIXE Method
(2) Internal Distribution of Metallic Cation

Y. Takahatake *, S. Watanabe *, Y. Nakajima ”, Y. Koma ®, K. Sano ", T. Arai ”,
T. Satoh © and M. Koka ©

a)Department of Fukushima Technology Development, NFCEL, JAEA, ®)Shibaura Institute of
Technology, c)Departrnent of Advanced Radiation Technology, TARRI, JAEA

We have been developing the extraction chromatography
technology to recover minor actinides (MA; Am and Cm)
from spent fast reactor fuels at JAEA. The adsorbent is
prepared by impregnating an extractant into the SiO,-P
which is a porous silica particle (ca. 50 pm in its diameter)
coated with styrene-divinylbenzene polymer as a binder.
In some cases, the recovery rate of the target metals was
found to be insufficient, and it suggests that a part of the
target metals was retained in the adsorbents. Analyzing the
distribution of metallic cation which is adsorbed inside the
particle will bring us the indication to optimize the
adsorbent structure for better separation. The micro-PIXE
analysis was applied to the MA adsorbent to obtain the
information about distribution of adsorbed elements in the
particle. It was found that the count ratio of the adsorbed
element (Nd) to Si of SiO,-P was available for the index of
amount of remaining metal element inside the adsorbent
particle.
the particles after certain elution time varied widely”. In

In adition, it was observed that the count ratios of

this study, the Nd/Si count ratios were obtained considering
relations among elution time and its relative standard
deviation (RSD) with using model adsorbents prepared by
the simulated process of the chromatography.

A series of the adsorbents were analyzed by the
micro-PIXE at TIARA. The extractant was
N,N,N’,N -tetra-n-octyl- diglycolamide (TODGA), and its
mass fraction in the adsorbent was 33.3%. Neodymium, as
a simulant of minor actinides, was adsorbed into the
adsorbent from the neodymium nitrate solution ([Nd]=0.01
M, [H']=5 M), and eluted with the 0.01 M nitric acid
solution for 10, 60 minutes, and 24 hours by batchwise
Particles of the adsorbent
were fixed on a polycarbonate film and then each particle

experiment at room temperature.

was irradiated with proton beam to obtain images of
128x128 pixels. Six to twelve adsorbent particles for each
elution time (refer to Table 1) were analyzed to obtain their
Nd/Si ratio. Figure 1 shows the obtained spectra. The
count ratio of Nd to Si was calculated by dividing the
integrated count of Nd peak at 459 ch in the high-energy
spectrum by that of Si peak at 176 ch in the low-energy
spectrum.

Table 1 shows values of the average Nd/Si count ratio and
RSD. The dispersion of the Nd/Si count ratio on condition
of no elution suggests that spatial distribution of the
extractant on the particle was not uniform. Decrease of the

Nd/Si count ratio from 0 to 10 minutes was larger than that
from 10 to 1,440 minutes. This phenomenon indicates that
Nd which was adsorbed in the near-surface area of the
particle was easily eluted, while elution of Nd adsorbed
around the center of particle was slow. And Nd was retained
in the particle after 24 hours elution. The slow elution of Nd
suggests that an eluent hardly reaches the deep part of the
particle. The dispersion of the Nd/Si count ratio for 24
hours elution suggests that the shape of pore of the silica
particle was not uniform. Therefore, the particle structure
should be improved for better elution by enhanced diffusion
of an eluent.
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Fig. 1 Characteristic X-ray spectra of the particle of MA

adsorbent obtained by micro-PIXE analysis before
elution. The upper and lower spectra were obtained
by the independent detectors for low and high-energy
X-rays, respectively.

Table 1 Mean values of Nd/Si count ratio and their RSD
for each elution time.
Elution time Number of Mean value of RSD
(min) particles the count ratio (%)
analyzed of Nd to Si
0 12 0.67 50
(no elution)

10 7 0.35 26

60 6 0.38 50

1440 8 0.25 67

Reference
1) Y. Takahatake et al., JAEA Takasaki Annu. Rep. 2012
JAEA-Review 2013-059 (2014) 18.
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Effect of Gamma Radiolysis on Pit Initiation of Zircaloy-2

in Artificial Seawater

T. Motooka, A. Komatsu, T. Tsukada and M. Yamamoto

Division of Fuels and Materials Engineering, NSED, JAEA

In the Fukushima Daiichi Nuclear Power Station (1F),
seawater was injected into spent fuel pools (SFPs) in March
2011. The maximum chloride concentration in the water of
the SFPs was estimated to be approximately 2,500 ppm and
the concentration had decreased to less than 20 ppm as a
result of desalination .

Zircaloy-2 (Zry-2) is adopted for the fuel cladding alloy
at 1F. Zirconium alloys including Zry-2 are susceptible to
pitting corrosion in aqueous chloride solutions with
oxidizing ions, such as Fe** or Cu®>*?.  Spent fuels stored in
the SFP were highly radioactive and capable of causing
water to decompose into highly oxidizing species
(e.g., HyO,). It is believed that these radiolysis products
might affect the pitting corrosion behavior of the Zry-2
cladding. However, the effect of the radiolysis products in
seawater on the pitting corrosion of the Zry-2 cladding is not
well known. Therefore, we evaluated the effect of the
radiolysis products of seawater on the pitting corrosion of
the Zry-2 cladding in this study.

The pitting potentials, which are the least positive
potential at which pits can form, of the Zry-2 cladding were
measured as a function of chloride concentration with and
without gamma-rays radiated from Co-60 source. Test
solutions were prepared by artificial seawater (ASW) and
distilled water. Figure 1 shows the relationship between
chloride concentration and the pitting potential of the Zry-2
cladding obtained in ASW and diluted ASWs at room
temperature with and without gamma-ray irradiation. The
measurements were carried out at least five times where the
scattering of the data was taken into account, and the
minimum value was plotted. The figure shows that pitting
potential increased with decreasing chloride concentrations
in both irradiated and non-irradiated cases. Chloride is the
main aggressive anion responsible for pitting corrosion of
the Zry-2 cladding, and pitting potential depends linearly on
the logarithm of the chloride concentration. In the case of
1/1,000ASW (the ratio of ASW to distilled water is 1 to
999), the pitting potential of the Zry-2 cladding under
gamma-ray irradiation was obviously higher than that under
non-irradiation. This shows the pit initiation was difficult
under gamma-ray irradiation in the diluted seawater.

Closed glass tubes filled with ASW and ASW diluted by
water were irradiated at dose rates of 5 kGy/h at room
temperature for up to 100 h. One of highly oxidizing
species H,O, was detected in both the solutions. The
concentration of H,O, was increased with irradiation time.
The final concentration of H,O, was 3 ppm in non-diluted
ASW and was 5 ppm in 1/1,000ASW.

The thickness of the resultant oxide films formed on the
Zry-2 cladding were investigated by X-ray photoelectron
spectroscopy (XPS) for samples immersed in 1/1,000ASW
for 100 and 720 h with irradiation at a dose rate of 5 kGy/h
and without irradiation. The oxide film was composed of
Thicker oxide films were formed during
the irradiation as given in Table 1. Considering the results
of the irradiation test of ASW and ASW diluted by water,
the oxide film would have been thickened by H,O, under the
irradiation. The higher pitting potential in diluted ASW
under irradiation, as seen in Fig. 1, is explained by the
thicker oxide formation by H,O, production.

Accordingly, the surface of the Zry-2 cladding was found
to have higher resistance to pitting corrosion under gamma
irradiation.

zirconium oxide.

References
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handouts 121012 05-e.pdf.

2) ASM Handbook Volume 13 Corrosion, ASM
International (1996) 717.
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Fig. 1 Pitting potential of the Zircaloy-2 cladding at room

temperature with and without gamma-ray irradiation.
SSE: Sat. KCI-Ag/AgCl electrode. 1/1,000ASW:
ASW/distilled water = 1/999. 1/100ASW:ASW/distilled
water = 1/99.  1/10ASW:ASWr/distilled water = 1/9.

Table 1 Oxide film thickness by XPS analysis (nm).

Non-irradiation
100 h 720 h
9.6 11.0

Irradiation at 5 kGy/h
100 h 720 h
12.6 14.4
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Electrochemical Properties of Stainless Steel in Zeolites

Containing Diluted Artificial Seawater under
Gamma-ray Irradiation

C. Kato, T. Satoh and U. Nakano

Fukushima Project Team, NSRIL, JAEA

As a part of consideration for long-term storage of spent
zeolite adsorption vessels in the Fukushima Daiichi nuclear
power station, corrosion of vessel material is one of the
important issues. Because seawater was used to cool the
reactor core, type 316L stainless steel (316L SS), structural
material of the spent zeolite adsorption vessel is exposed to
adsorbed isotopes.

However, combined effect of chloride and irradiation on

residual chloride and radioactive

corrosion behavior of the 316L SS has not been fully studied.

In this study we performed electrochemical tests of 316L SS
in the zeolite containing artificial seawater under gamma-ray
irradiation.

Figure 1 shows a schematic diagram of electrochemical
Herschelite (used in the
actual adsorption system), and Natural Mordenite (obtain in
316L
Solution

cell under gamma-ray irradiation.

Ayashi, for reference) were used as zeolite materials.
SS was packed in the zeolites as shown in Fig. 1.

was air-saturated diluted artificial seawater (CI'=2,000 ppm).

Temperature was set at 60 °C taking decay heat of the
Co-60 was
used for gamma-ray source and dose rate was set at 5 k and
400 Gy/h. sps
potential ,V’cig0, of 316L SS were measured. The V’ciq

adsorbed RIs in the vessel into consideration.

Steady corrosion potential, Eg,, and pitting
was determined on anodic polarization curve at which
current density reaches at 100 pA-cm™.

Figure 2 shows anodic polarization curves of type 316L
SS.  There
non-irradiation and 400 Gy/h irradiation.

was no difference in V’cj, between
At a dose rate of
5 kGy/h, passive state of stainless steel disappeared because
corrosion potential exceeded V’cjg9, and so, V’cjgo Was not
obtained. It was understood that the anodic polarization
curve of type 316L didn’t depend on gamma-ray irradiation.
Figure 3 shows change in open circuit potential (E,,) of
316L SS under gamma-ray irradiation (at dose rate of
400 Gy/h).

irradiation was started, while degree of the shift was

The E,, was shifted to nobler direction when

suppressed by coexistence with zeolite. E,, was saturated
after 500 ks and the saturated E,, was defined as E,.

It was found that a risk of local corrosion on stainless
steel increased under gamma-ray irradiation because of
On the
one hand, the increasing Eg, was suppressed by coexistence

increasing Eg, of stainless steel under irradiation.
with zeolite. It is important to know change in the
environmental factors such as temperature, Cl” concentration
of stagnant water and dose rate with time in the vessels for
long-term storage of spent zeolite adsorption.

Reference
1) L Yamagishi et al., J. Nucl. Sci. Tech. 51 (7-8) (2014)
1044-1053.
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Corrosion Tests of Steels Used for Primary Containment

Vessel and Reactor Pressure Vessel in Diluted Seawater
under Gamma-ray Irradiation

J. Nakano, T. Tsukada, F. Ueno and M. Yamamoto

Fundamental Decommissioning Technology Development Unit, NSEC, JAEA

In the Fukushima Daiichi Nuclear Power Station (1F),
the seawater was injected into the reactor cores in the Unit 1,
Unit 2 and Unit 3. The high dose of radiation has been
continuing in the primary containment vessel (PCV) because
of the molten fuel debris and the fission products. It is well
known that H,, hydrogen peroxide (H,0,), free radicals, etc.,
are produced by water radiolysis”. The produced species
are chemically active and it is considered that corrosion of
the PCV and the reactor pressure vessel (RPV) is influenced
by gamma-ray irradiation. To evaluate the durability of the
PCV and the RPV, therefore, corrosion tests of the steels for
the vessels were conducted in diluted seawater under
gamma-ray.

Sheet type specimens of 40 mm X 10 mm X2 mm were
machined from SGV480 (JIS G3118) for the PCV and
SQV2A (JIS G3120) for the RPV, and immersed in diluted
artificial seawater with chloride concentration of 100 ppm at
323 K (50 °C).  Subsequently, the specimens were
irradiated with gamma-ray from ®Co source. Figure 1
shows corrosion tests under gamma-ray irradiation at the
Takasaki advanced radiation research institute. Two flasks
were arranged close to the ®*Co sources and two flasks were
put at distances of 1.6 m from the ®Co sources. The dose
rates were estimated as 4.4 and 0.2 kGy/h, respectively.
Ten and 100 mg/L hydrazine (N,H,) were added to diluted
seawater, to evaluate the effect of N,H; as an oxygen
scavenger in water irradiated with gamma-ray. Gas phases
in flask were air or N,.

Figure 2 shows weight loss in the specimens in diluted
seawater under gamma-ray irradiation. When gas phase in
flask was air, weight loss in the specimens irradiated with a
0.2 kGy/h dose rate was comparable with that in the
specimens without irradiation while weight loss in the
specimens irradiated with a 4.4 kGy/h dose rate was

Fig. 1 Corrosion tests under gamma ray irradiation at the
Takasaki advanced radiation research institute.

approximately 1.7 times that of the specimens without
irradiation ?.

Figure 3 shows average weight loss in the SGV480 in
diluted seawater with N,H,. Weight loss in the irradiated
specimens without N,H, was similar to that with N,H, in air.
When gas phase was replaced with N, in the flask, weight
loss in the specimens decreased”.

The dose at the PCV in the 1F unit 2 was calculated as
0.2 kGy approximately, much smaller in comparison with
dose tested in this study. After the 1F accident, moreover,
N, gas has been injected into the PCVs to prevent hydrogen
It is inferred that water irradiated with
gamma-ray in N, atmosphere would hardly accelerate
corrosion of the PCV steel in the 1F.
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Corrosion Resistance of Tank Material Used for

Flock Storage - (2) Corrosion Behavior in Fluid Flow
Condition by Air Agitation

H. Ambai, Y. Sano, M. Takeuchi and Y. Koma

Department of Fukushima Technology Development, NFCEL, JAEA

Introduction

For the flock, which was generated in the coagulation
process for radioactive contaminated water from the
Fukushima Daiich nuclear power plant, temporary storage in
carbon steel tanks is under planning”. In these tanks,
agitation by air will be applied, and the corrosion promotion
is a concern due to fluid flow and increasing of dissolved
oxygen. In this study, following the previous evaluation in
the settling condition ?, we investigated the corrosion
behavior of SS400 in the condition of fluid flow with air

agitation, and considered the corrosion prevention.

Experimental

Based on the TEPCO information on the flock storage
condition”, immersion tests were carried out with SS400 at
46.3 °C with air agitation. During tests, y-ray of ®°Co was
irradiated to flock solution at 0.1 kGy/h. Corrosion rates
were evaluated by weight loss of SS400 coupons.
to understand the corrosion mechanism, electrochemical

In order

same conditions.
Potentiodynamic scan rates of 20 mV/min were utilized.
Electrochemical cells

tests were carried out in the
were composed of Pt counter
electrodes and Ag|AgCl reference electrodes. In all of these
tests, the flock purchased from AREVA NC JAPAN
PROJECTS CO.,LTD. as a surrogate and artificial seawater
(Aquamarine supplied from Yashima Chemical Co.) were

used.

decreased the corrosion rates (Fig. 2). In particular, Ar gas
agitation was more effective under y-ray irradiation than N,
gas which brought HNO; as radiolysis products (Table 1).
Figure 3 shows the polarization curves in several flow
rates. The cathodic current densities and the corrosion
The results showed

the increasing of corrosion rates with the flow rate in the

potentials increased with the flow rate.

immersion tests was caused by the promotion of the O,
It was considered that the decreasing of
corrosion rates in the presence of flock and inactive gas flow

reduction reaction.

in the immersion tests was due to the reducing of this
reaction (block against O, diffusion and O, concentration
decreasing).

Our study indicates that the selection of appropriate fluid
flow conditions by air agitation (lower flow rate,
intermittent agitation, etc.) is important to suppress the
corrosion progress. Furthermore, it is more effective for
decreasing the corrosion rate to apply the agitation with the
inactive gas.
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Table 1 The analysis of irradiated solutions
Results and discussion Solution NO; ™ [ppm]
The corrosion rates increased with flow rate in the all Seawater (Air SQOml/ min) : 0.169
conditions, but this effect was reduced by the presence of Seawater+ Flock (Air 500ml/@1n) 0.557
flock and ally sienificant when th 1 was buried Seawater + Flock (Ar 100ml/min) N.D.
Hock and especially sighiticant when the coupon was bu Seawater+ Flock (N, 100ml/min) 0.139
in the flock (Fig. 1). Under y-ray irradiation, no
remarkable change was observed. Flow of inactive gas
MNaon Flow — — — 50mL/min
os 008 m——— - 100mL/min - -eeeeeeeee 500mL/min
08 DOSW({Non y-ray) 0.08 __ ONony-ray  By-ray 1E-03
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@ 5WHFlockly-ray) = 1E-04 £
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Fig. 1 The effect of fluid flow condition by air Fig. 2 The effect of gas type Fig.3 The effect of fluid flow by

agitation to corrosion rates (SW = seawater).

(seawater + flock, 100 mL/min).

air to polarization curves
(seawater , non y-ray).
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Hydrogen Peroxide Produced from Seawater Radiolysis

K. Hata®®, S. Hanawa ?, T. Motooka ” and T. Tsukada

Y LWR Long-term Reliability Research Unit, NSRC, JAEA,
® Fukushima Project Team, NSRI, JAEA

The Fukushima Daiichi nuclear power plant experienced
seawater injection into the cores as an emergent measure for
a short period after the accident. As a result of the
seawater injection, structural materials in the cores were
exposed to unexpected corrosive environment. Radiolytic
species were produced in the seawater by the radiation from
Especially, hydrogen peroxide (H,0,)
is known as a radiolytic oxidant which dominantly affects
In this study, to identify
important factors which contribute to the H,O, generation in
radiolysis, the concentrations of H,O, in
gamma-ray irradiated artificial seawater (ASW) were
measured and compared with the result of radiolysis

the core materials.
corrosion of metallic materials.

seawater

calculation conducted by the authors”. Measurements
were also performed with solutions of some constituents of
seawater to identify which ion has the greatest effect on the
H,0, production.

Nine milliliter of the aerated ASW and three kinds of
solutions were prepared in 10 mL glass bials sealed with
polypropylene caps. Composition of the three solutions are
shown in Table 1. AQI is a solution which contains
29,000 ppm NaCl, 82 ppm NaBr and 193 ppm NaHCO:s.
This solution is considered as a mimetic seawater in our
previous study V. These solutions were irradiated by
gamma-rays (1 Gy/s) from ®°Co. After the irradiation, the
concentrations of H,O, in the solutions were measured by
Ghormley method which is based on the oxidation of iodide
ion to triiodide ion?.

The concentrations of H,O, in aerated ASW, AQI,
29,000 ppm NaCl solution, and 82 ppm NaBr solution after
irradiation are shown in Fig. 1 with the calculation results".
The experimental results showed similar trends to the
calculation results. The concentrations of H,O, in ASW
are approximately in agreement with that in AQI.
It indicates that CI, Br and HCOj; have the dominant roles
in the H,O, production in seawater radiolysis, though many
other ions are dissolved in ASW. However, further
calculations by the authors showed that HCO;  does not
affect the H,O, production”.

It is known that H,O, is scavenged by hydroxyl radical

Table 1 Chemical compositions of gamma-ray irradiated
solutions (Unit: ppm).
Solutions NaCl NaBr NaHCO;
AQl1 29,000 82 193
NaCl sol. 29,000 - -
NaBr sol. - 82 -

("OH) and hydrated electron in homogeneous state under
irradiation, and halide ions are generally highly reactive
with *OHY. The high concentration of H,O, in the NaBr
solution seen in Fig. 1 is possibly due to the high reactivity
of Br” with *OH. However, the concentration of H,O, in
AQI1, ASW and the NaCl solution is lower than that in the
NaBr solution, though a high amount of halide ions is
dissolved in all the solutions. It has been reported that the
primary yield of H,O, decreases with increasing the
concentration of Cl'>. The authors made the radiolysis
shown that the steady-state
concentration of H,O, decreases as the primary yield of
H,0, is low?. Therefore, the lower H,O, concentrations in
AQl1, ASW and the NaCl solution is caused by the high
concentration of CI'.

In conclusion, it is considered that the H,O, generation in
seawater radiolysis is mainly controlled by Cl" and Br'.

calculation and it was

Al - 120
&L
1100
&
31
80 =
=
60 5~
N
L
40
O AQ1 (Exp.) —AQ1 (Calc.)
B ASW (Exp.) —=NaCl (Calc.) [{ 20
[ NaCl (Exp.)----- NaBr (Calc.)
<> NaBr (Exp.)
‘ ‘ 0
5x10° 1x10*
Dose / Gy

Fig. 1  Experimental and calculation results of H,O,
concetration resulted by gamma radiolysis of aerated
ASW, AQI1, 29,000 ppm NaCl solution, and 82 ppm
NaBr solution.
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Radiolytic Hydrogen Absorption Behavior of Zirconium

in Nitric Acid Solution under Gamma-ray Irradiation

Y. Ishijima, T. Motooka, F. Ueno and M. Yamamoto

Division of Fuels and Materials Engineering, NSED, JAEA

In Japan, a commercial reprocessing plant is being test
operated in Rokkasho reprocessing plant. Purex process
which used nitric acid and dodecane with tributhyl phosphate
for solvent has been adopted in the plant. In some cases,
stainless steels have been severely corroded. This appears to
be intergranular corrosion in those solutions. In order to
avoid corrosion in such severe environment, some equipments
in the plant have been made of zirconium (Zr).

However, it is well known that Zr has susceptibility of
hydrogen embrittleent by hydride formation.
nuclear fuel solution, hydrogen atoms are always generated
by radiolysis under alpha-ray irradiation. And it is
considered that radiolytic hydrogen can diffuse into Zr and
Therefore, there is a concern

In used

generate zirconium hydride.
about the degradation of nuclear fuel reprocessing plant by
hydrogen embrittlement in long term operation.

In this study, we conducted radiolytic hydrogen
absorption tests and constant load tensile tests under
gamma-ray irradiation.

Commercial grade pure Zr plate (ASTM R60702) was
used for test material. Table 1 shows the chemical
composition of test material. Disk type specimens (¢ 8 X
5 mm) were used for radiolytic hydrogen absorption tests.
Rod shape specimens were used for constant load tensile
tests. Schematic illustration of tensile test specimen is
shown in Fig. 1.

Radiolytic hydrogen absoption tests were carried out in 1,
3, and 7 mol/L nitric acid solutions. Dose rates from “Co
source were chosen 3 and 5 kGy/h.
1,000 h. After irradiation, thermal desorption spectrometry
(TDS) was carried out to evaluate the hydrogen absorption
mass spectrometer (QMS).
Temperature range of TDS was from room temperature to
1,073 K. Heating rate of TDS was 100 K/h.

Constant load tensile tests were carried out in pure water.
Dose rate was 3 kGy/h. Applied load was 144 kegf.
Constant load tensile tests were stopped after 1,000 h.

Figure 2 shows appearance of constant load tensile test

Irradiation time was

value with quadrupole

machine.
M6 - 2 M6
— ; f
e 1o fe
—{ 20 |=— 20
"
.
Fig. 1 Schematic illustration of test specimen.
Table 1 Chemical composition of test sample (wt%).
H [ N O  Ni_ Fe+Cr Hf 2zr
Sample  [<0.002 0.02 0003 014 0029 02 0.39 >99.2
ASTM R60702| <0.005 <0.05 <0.025 <0.16 - 02 45 >99.2

Fig.2 Appearance of constant load tensile test machine.

Effect of dose rate for radiolytic hydrogen absorption in
From TDS
analysis, absorbed hydrogen generated zirconium hydride in
These results suggest that radiolytic hydrogen by
alpha-ray irradiation can generate hydride in Zr. Absorb
From this result, it is

3 mol/L nitric acid solution is shown in Fig. 3.
metal.
value increases with dose rate.

considered that absorbed value increases with concentration
of Pultonium in used nuclear fuel solutions.
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Fig. 3 Effect of dose rate for hydrogen absorption in
3 mol/L nitric acid solution.

Specimen did not fail in constant load tensile test under
gamma-ray irradiation until 1,000 h. From this result, it is
considered that hydride generation rate is very slow in Zr.
Therefore, it was diffcult to show hydrogen embrittlement in
this test condition.
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Evaluation of Hydrogen Gas Generation from Cement

Solidification Form by Gamma-ray Irradiation I11

T. Nakayama, K. Hanada, S. Suzuki, Y. Kawato and Y. Meguro

Nuclear Cycle Backend Technology Development Unit, NCBD, JAEA

Radioactive combustible wastes generated in Japan
Atomic Energy Agency are incinerated and the ash obtained
will be solidified with cement. After conditioning, the
cement solidification form will continuously generate
hydrogen gas by water radiolysis in the form. Therefore
the amount of generated hydrogen gas should be understood
in order to evaluate the safety of the form during its storage.
It is thought that the hydrogen gas generation is strongly
influenced by the condition of water and its amount in the
form. In a previous study, it was found that hydrogen gas
generation from a cement solidification form of incinerated
ash was larger than that from a cement paste form without
incinerated ash”. Much amount of water was used for
mixing of the incinerated ash with cement than for cement
itself due to reactions of water with the ash, and then much
free water remaining in the solidification form would result
in increase of the amount of hydrogen gas. Moreover, it
was found that the amount of hydrogen gas generation from
the thermally dried sample greatly decreased®. That is
water amount in the form is one of the important factors to
determine the hydrogen gas generation. In this study, we
investigated influence of water cement ratio, cement
material, absorbed dose rate, and absorbed dose on the
hydrogen gas generation to understand the hydrogen gas
generation mechanism.

A bottom ash of nonradioactive waste, ordinary portland
cement, blast furnace slag and high-range
water-reducing admixture that added 1% of cement weight
were employed to make several cement solidification forms
of ca. 12 mm diameter and 50 mm high and the mixing
conditions are summarized in Table 1. The

cement

of hydrogen gas generation increased with an increase of the
free water ratio (No. 1, 2, 3) and the G-values were different.
Especially the value for the thermal dry sample, in which the
free water ratio was too low, was large. This fact suggests
that the G-value, i.e., hydrogen gas generation mechanism
would be influenced by physicochemical nature of water and
its environment. Remarkable relationship between hydrogen
gas amount and the ash filling rate (No.l, 4, 5), water
cement ratio (No.1, 6, 7), cement material (No.1, 6,7 - 8, 9,
10), absorbed dose rate (No.l1, 11, 12), or absorbed dose
(No.1, 13) was not observed. The G-values for the free
water were calculated and also shown in Table 1. The
G-value seems to be scattered between 1 and 2
molecule/100 eV except No. 2. It is hard to find
remarkable relationship between the G-value and the
parameters such as the ash filling rate, the cement material,
and the dose, but there is a week relationship between the
G-value and the free water ratio, in which the G-value
decreased with an increase of the free water ratio. The
G-values were over 1 molecule/100 eV for all samples
examined in this study and this was much larger than that of
pure water (No.14). The G-value of pure water was 0.5+
0.0 molecule/100 eV. It concluded that the radiolysis of
water in the solidified form with ash was different from that
in pure water.
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No.2 was dried sample obtained by heating Table 1 Conditions of samples and results of hydrogen
No.1 at 383 K for 24 h. The No.3 was also Con(lgiti)iYIeld and G-value. —
dried Sample obtained by vacuuming No.I. Ash water cement Irradiation Radiation  Hj yield / Free  G-value /
The solidified sample was sealed in a 50 mL Sample Iwt% [ wt% /wt% time/h  doesrate .. g—l kGy’I water  molecule
vial and irradiated by *Co y-rays at 3 kGy/h / kGy b ratio/ % 100 eV
for 1 h in the Gamma-ray irradiation facility. No.1 30 45 25 1 25 (4613107 135 1.43
The No.11, No.12, and No.13 samples were No2 thermaldry 30 45 25 1 25 (0.80.3)x10" 03 10.59
irradiated at 1 kGy/h for 3 h, 1.5 kGy/h for 2 h, No.3 vacwmdry 30 45 25 1 24 (23:0.)x10° 48 19
and 3 kGy/h for 3 h, respectively. The No4 1030 60 1 24 (@260.x10" 146 119
hydrogen gas in the vial was determined by gas ~ No.5 40 4515 1 25 (52:02x10" 202 105
chromatography. The free water in the form No-6 3004002 ! 24 (3s:0.x107 128 L
was determined from the difference of the N°7 082 ! 24 @5w00x10" 77 1.84
sample weight before and after thermal dry at No® = 04l ! 23 (3'&0'1)"10:: 124 1.20
383 K for 24 h after irradiation. The G-value % 08B ! 23 (140.1x10 . 64 14
was calculated for the free water weight in the No10 0o m ! 25 (@0:03x10 . 83 Lo
form instead of the sample weight. Mol 0w > 09 (70.Dx10 . 100 10
o . No.12 30 45 25 2 12 (44:0.5x10" 117 1.59
Results of irradiation test are summarized No.13 0 45 25 3 28 (G802x0 120 1.30
in Table 1. The amount of hydrogen gas is No.14 Water 0o 10 0 ) 28 (12460.5x10° 1000 0.50

normalized into the value for 1 g of the sample

and 1 kGy of the absorbed dose. The amount

*High-range water-reducing admixture added 1 wt% of cement weight.
**These samples were solidified using blast furnace slag cement.
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Effect of Salt Content in Bituminized Waste on

Radiolysis Gas Generation

K. Irisawa and Y. Meguro
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Low-level radioactive concentrate, which was generated
by the reprocessing of spent nuclear fuels, was solidified as
bituminized waste product (BWP) in the Tokai reprocessing
plant from 1982 to 1997. The Tokai BWP mainly consists
of ca. 55 wt.% Blown Bitumen AD Compound (Showa Shell
Sekiyu K.K.), which has the same physical properties as the
Blown Bitumen R85/40, and ca. 45 wt.% salts, which consist
of NaNO;, NaNO,, Na;PO,, Agl, (Ba, Sr)SO,,
NiCs,[Fe(CN)g] etc". There are, however, a certain amount
of BWPs with different salt contents and salt compositions
depending on campaigns of the liquid waste treatment.

It is generally known that H, is generated by radiolysis
In the light of disposal of the
Tokai BWPs, it would be necessary to evaluate radiolysis H,
generated from the BWPs.
contents in the Tokai BWP influence on radiolysis H,

degradation of bitumen.
It is considered that salt
generation. In this study, we acquired basic data regarding
radiolysis H, generated from the BWPs with various salt
contents (5, 15, 30 and 45 wt.%) by °°Co y-ray irradiation.
Approximately 5 g of the samples in Pyrex glass vessels
are irradiated by 3-94 kGy. In order to evaluate effect of
dose rate on radiolysis, 0.006, 0.6 and 6 kGy/h of y-ray
irradiation were conducted in 500, 5 and 0.5 h, respectively.
Absorbed dose was measured using alanine dosimeters, and
H, in the vessel was measured by gas chromatography.
Effects of the dose rates in 3 kGy y-ray irradiation on the
The
amounts of generated H, from the synthetic BWP with
45 wt.% of salt content by 0.006, 0.6 and 6 kGy/h of the
dose rates were 2.2, 2.0 and 2.4 x 10® mol/g kGy,
respectively. This indicates that the dose rates did not

H, amount for the samples were not observed.

influence on the amount of generated H,. Figure 1
indicates relationships between absorbed dose and H,
amount per unit weight. The H, amount increased in
The lines

were derived by the least-squares regression using the H,

proportion to the absorbed dose in each sample.

generation amount in each sample and a good correlation
(i.e. R* > 0.99) was observed.
decreased with increasing the salt contents in the samples.

In contrast, H, amount

Figure 2 shows relationships between the salt content and
the G(H,) value. The G(H,) value of the AD compound
was 0.49 £ 0.6 molecule/100 eV (n=3) and was in a good
agreement with the previous data for the Blown Bitumen
R85/40 (G(H,) = 0.52)?. The G(H,) value of synthetic
BWP decreased with increasing the salt content. This
result means that the G(H,) value of the synthetic BWP
varied by the salt content, and that the variation of the G(H,)
value occurred due to the fact that the salt content in the
sample was influenced on H, generation by y-ray irradiation.

In order to evaluate effects of the salt content on the G(H,)
value, the G(H,) value of only the bitumen component in
each synthetic BWP was calculated, and was also plotted in
Fig. 2.
component almost agreed with each sample and that of the
AD Compound. The agreement of the G(H,) values of the
bitumen component in the BWPs with various salt contents

The G(H,) value normalized by the bitumen

means that the salts embedded in the sample did not influence
on H, generated from the BWPs.
H, generation by y-ray irradiation is evaluated, only the

Consequently, when the

bitumen component in the BWP should be taken into account.
In order to evaluate radiolysis H, generated from the Tokai
BWP in more detail, it is also necessary to investigate
radiolysis H, generation by a-ray and -ray irradiations.
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Evaluation of Radiation Resistance of Inorganic Materials

for Solidification of Sludge from Water Treatment in
Fukushima Daiichi

J. Sato, T. Nakayama, Y. Kawato and Y. Meguro

Nuclear Cycle Backend Technology Development Unit, NCBD, JAEA

A radioactive sludge was generated from contaminated
water treatment system in Fukushima Daiichi. Because
major substances of the sludge were identified as barium
sulfate, nickel ferrocyanide and ferric hydroxide, the sludge
contains large amount of radioactive nuclides. Therefore
the influence of radiation on its waste form is one of the
The study to solidify the sludge
using four inorganic solidified materials; Ordinary Portland
Cement (OPC), Portland Blast-Furnace Slag Cement
Type-B(BB), Cement Glass(CG) and Geopolymer(GP) was
started. Some water was needed for kneading in each
material, therefore it is considered that hydrogen gas is
generated by radiolysis of water. In addition it is necessary
to investigate the degradation behavior of ferrocyanide in
terms of release of cyanide by radiolysis. In this study, we
determined the G-value of the generation of hydrogen gas
and measured the amount of cyanide generation by
irradiation with gamma rays to the simulated sludge
solidified. And we investigated the influence of irradiation
on the sludge and solidified materials.

The simulated sludge was produced in a similar
equipment of the waste treatment system in Fukushima
Daiichi by AREVA. The 80% of supernatant was removed
from the sludge, and the residue was dried at 110 °C for 3
days. The solidified samples were produced at 40 or 50
wt% filling ratio of sludge by using inorganic materials with
changing of the water-powder ratio; 0.8, 1.0, 1.2 for cement
solidification, 0.4, 0.6, 0.8 for CG, and 1.4 for GP. Only
cement samples were added 2% high-range water-reducing
admixture. The conditions of the solidified samples are
shown in Table 1. The mixture after mixing filled in a
cylindrical container (913 mm X 50 mm). The samples
cured at room temperature for 28 days, then put into a glass
ampoule (¢18 mm X 150 mm). The samples were

most important concerns.

irradiated by *°Co y-rays at 34 Gy/h for 160 h in gamma-ray
irradiation facility. The total absorbed dose was adjusted
to be 4.6 kGy. Hydrogen gas concentration was determined
by gas chromatography and the cyanide concentration was
determined by a gas detector tube. After gas analysis, the
amount of free water in the samples ware determined by
measuring weight change of the samples after heating at
110 °C for 72 h. The G-value was calculated for the free
water weight in the sample instead of the sample weight.

The G-value of hydrogen gas and the ratio of free water
were shown in Table 2. For the solidified samples using
cements (OPC and BB), the G-value, especially for No. 2, 3
5 & 6, showed the similar value in the previous study”
(G-value: 0.21 molecule/100 eV, ratio of free water : 0.23),
and the G-value increased with the increase of the free water.
This suggests that the free water in the solidified form is one
of the important factors to determine the G-value. The
G-value of CG samples indicated higher than other samples
The G-value of
the GP samples was as same as that of the cement samples,
although the ratio of free water was the highest in all
materials. As the results, it was presumed that the
hydrogen gas generation was influenced from not only the
free water but also the solidified material. The cyanide
was not detected (< 2.0 ppm) after the irradiation examined
in this study (Table 2), and it is lower than the maximum
allowable concentration for workers (5.0 ppm). In this
study, the total absorbed dose was equivalent to that of
about 30 years’ irradiation in the waste form solidified the
actual sludge on the basis of the radioactivity of sludge.
Therefore it was predicted that risk to release cyanide is low
by degradation of ferrocyanide in the sludge.

Reference
1) R.E. Barletta et al., NUREG CR 2969 (1982).

in spite of almost same ratio of free water.

Table 1 Conditions of solidified samples. Table 2 Result of the irradiation test.
Composition Gvalue(Hy) Ratio of f . c fon
-value at1o o1 1ree watar onc. o
Sample Material Sludge Water/P.owder Sampl (/100 eV)Z (¢/g sample) (ppm)
(Wt%) ratio
No.1 OPC-150/0.8 OPC 50 0.8 No. 1 0.16 £0.034 0.17 £0.003 <2.0
No.2 OPC-250/1.0 OPC 50 1.0 No. 2 0.21 +0.022 0.20 £0.003 -
No.3 OPC-350/1.2 OPC 50 1.2 No. 3 0.24 +0.002 0.22 +£0.001 -
No.4 BB-150/0.8 BB 50 0.8 No. 4 0.20 £0.026 0.18 £0.002 <2.0
No.5 BB-250/1.0 BB 50 1.0 No. 5 0.21 £0.011 0.21 £0.002 -
No.6 BB-350/1.2 BB 50 1.2 No. 6 0.23 +0.005 0.23 +£0.001 -
No.7 CG-150/0.4 CG 50 0.4 No. 7 0.32 £0.027 0.17 £0.001 <2.0
No.8 CG-250/0.6 CG 50 0.6 No. 8 0.28 +0.003 0.21 £0.006 -
No.9 CG-350/0.8 CG 50 0.8 No. 9 0.28 £0.009 0.23 £0.004 -
No. 10 GP-140/1.4 GP 40 1.4 No. 10  0.26 £0.029 0.24 £0.024 <2.0
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Alpha-ray Durability of Co-precipitation Sludge

Generated by Radioactive Water Treatment

S. Watanabe, M. Nakamura, A. Shibata, K. Nomura and Y. Nakajima

Department of Fukushima Technology Development, NFCEL, JAEA

Precipitation technology is
purification  process and is
decontamination of radioactive liquid waste generated in
nuclear power plants . Co-precipitation with iron
hydroxide treatment is employed as one of preprocesses of
Advanced Liquid Processing System (ALPS) for
decontamination of radioactive water released from
Fukushima Daiichi Nuclear Power Plant®. Alpha emission
nuclides, *°Co, **Mn, etc. are aimed to be decontaminated in
this process. The sludge produced by this process is
planned to be stored until an appropriate disposal methods is
selected officially, thus it is necessary to investigate the
durability of the sludge against radiations from those
nuclides for safety management of the radioactive waste.
In this study, durability of the sludge produced by
co-precipitation of target elements with iron hydroxide
against alpha-ray irradiation was evaluated through the He*"
ion irradiation experiments.

The simulated sludge was prepared by adding FeCl; and
NaOH solutions into simulated contaminated water
containing Ce**, Co®*, Mn*, Ru*", Sr**, Mg*', Ca®’, Cs"
ions and by mixing the solution at pH=8. Co-precipitated
sludge shown in Fig. 1 was sampled and the composition
was evaluated through the concentration changes of ions in
the supernatant solution. Approximately 50 mL of the
sludge was obtained from 1 L of the feed solution. The
sludge was put in stainless steel container with 50 mm
diameter and 2 mm thickness and then the container was
sealed with a kapton film. The surface of the sample was
uniformly irradiated with He*" ions passing through the
kapton film. He?" ions accelerated by 3 MV tandem
accelerator of TIARA to be 9 MeV were reduced by the
kapton film and atmosphere to be 5.0 MeV when the beam
reached at the surface of the sample. Thickness of the
sample was larger than penetration range of the He ion with
5.0 MeV, therefore we assumed that all incident energy of
the ions was transferred to the sample. Irradiation does
was calculated from size and weight of the sample, incident
energy of He ions and the beam current.

widely applied water
also effective for

Compositions of the feed solution for the co-precipitation
and of supernatant solutions before and after the irradiation
are shown in Table 1. In the co-precipitation process, Co,
Mn, Ru were successfully decontaminated. However, Ce,
which was added to the feed solution as an analogue of
actinides, did not accompany with the sludge but remained
in the solution.  Therefore trivalent lanthanides and
actinides are suspected to stay in the waste water at the
co-precipitation process. However detail behaviors of
trivalent cations should be further investigated since the
concentration of Ce increased after the co-precipitation
treatment. As well as trivalent cations, decontamination
performance for the othervalent metal ions also have be
investigated to predict the precise behaviors of actinides.

The composition of the solution did not show distinct
change after the irradiation. According to alpha
radioactivity reported by TEPCO?, 66 kGy irradiation
means more than a hundred years storage even if all alpha
nuclides are trapped in the sludge. Therefore influence of
alpha nuclides on stability of the sludge during the long term
storage is not serious if the concentration of them in the
contaminated water are about a few Bq/L.

Fig. 1
inside the container for the irradiation).

Simulated sludge (left; after preparation, right;

References

1) V. Pacary et al., Chem. Eng. Res. Des. 88(9) (2010)
1142-47.

2) Tokyo Electric Power Company, Handouts at press
conference 2013, Mar. 29 (2013).

Table 1 Composition of the supernatant solution at before and after the irradiation.
Composition of the supernatant solution (mg/L)
Ce Co Mn Ru Sr Mg Ca Cs
Feed solution 48%x10° | 4.7x10* | 3.2x10" | 1.4x10% | 1.1x10° | 1.3x10* | 1.4x10* | 3.5x 10?
After the co-precipitation | 9-0x10° | 23x10% | 2.8x 10 | 0.7x10° | 1.1x10° | 1.3x10° | 1.4x10* | 3.5x10°
After 66 kGy irradiation | 8-1x10° | 2.1x10% | 0.7x10" | 0.4x10° | 1.0x10° | 1.4x10° | 1.3x10* | 3.1x10°
After 132 kGy irradiation | 7.7x10° | 2.1x10% | 0.6x10° | 0.5x10° | 1.0x10° | 1.4x10° | 1.3x10* | 3.1x10’
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Experimental Study of Irradiation Effects on

Supported Precious Metal Catalyst for
Passive Autocatalytic Recombiner

Y. Kamiji, R. Nagaishi, M. Inoue and R. Hino

Nuclear Engineering Research Collaboration Center, JAEA

Hydrogen gas is generated at nuclear power plant (NPP)
by various chemical reactions such as water radiolysis
during normal operation or accidents, metal-steam reaction
and molten-core concrete interaction during accidents.
Flammability control systems (FCS) are installed in the
NPPs in order to prevent explosion. Especially passive
autocatalytic recombiner (PAR) is effective even in station
black out (SBO), since it can be operated without electricity.
Although PARs are installed in some of NPPs, the existing
PAR has two problems; one is its heaviness, and another is a
potential to become ignition source by excess temperature
rise at catalyst. We have been developing new PAR to
solve the above two problems. In this study, degradation
of supported precious metal catalyst included in the PAR
under gamma-ray irradiation was examined, which is
necessary for the practical installation of PAR into the
NPPs.

The dimension of catalyst sample was approximately
90 mm O.D. and 90 mm height. These samples were
reduced at 800 °C for an hour before irradiation. The four
samples were irradiated by “Co y-rays from gamma-ray
irradiation facility of Takasaki Advanced Radiation
Table 1 shows the test conditions for
(a) irradiation and (b) reaction test.
irradiated up to 1.0 MGy in each desiccator at room
temperature (RT).

Research Institute.
These samples were

The irradiation dose was decided to
include the value of 5.7 x 10° Gy which is estimated as total
of cumulative dose after 30 days of loss of coolant accident
at BWR and cumulative dose during 40-years-normal-
operation”. In order to clarify the influence of humidity
during the irradiation, two ambient conditions focusing on
humidity were pre-conditioned. Those are ambient air
which is approximately 20% RH and humid air with sodium
chloride saturated solution (SCSS) which is conditioned
about 75% RH? as shown in Table 1 (a). After the
irradiation, the reaction tests were performed to confirm the
catalytic activity of sample by the test apparatus in Oarai
R&D center. Hydrogen mixed standard gas (1.30%-H,,
0.65%-0,, Balance-Ar) was supplied at 1 L/min into the
sample, and then hydrogen concentration of outlet gas was
measured by gas-chromatograph. In this test, dependences
of temperature and humidity are examined, especially in test
case “D”, the samples are immersed to distilled water before
the test as a severe humid condition.

After the irradiation, no degradation was observed from
the test results in case of A, B and C, in which supplied
hydrogen was reacted entirely. On the other hands, clear

differences were seen in the result of case D as shown in

Fig. 1.
with high humidity reacted almost all hydrogen right after

Only sample 5 which was irradiated at 1.0 MGy
start up. In addition, the surface area of precious metal was
larger than the non-irradiated sample from result of CO
adsorption measurement. This means reduction of particle
size of precious metal occurred. These results suggest that
precious metal is easily reduced by irradiation, and that
catalyst activity is not degraded but is improved as the result.
Further experiments and analyses for each precious metal
and support material are in progress.

References

1) Nuclear Power Licensing Division, Nuclear and
Industrial Safety Agency, 07- U@ H1- A-03-02 (2008).

2) L. Greenspan, Journal of Research of the National
Bureau of Standards — A. Physics and Chemistry Vol.
81A, No. 1, January-February (1977).

Table 1 Test conditions for (a) irradiation and (b) reaction
test.
(a) Irradiation b) Reaction test
CAT Condition Test Condition
1  |Non-irradiated A |RT/Non-humidified
2 0.5 MGy,w/o SCSS B [RT/Humidified
3 0.5 MGy, w/SCSS C |80 °C/Humidified
4 |1.0 MGy,w/o SCSS D [80 °C/Humidified *
5 |1.0 MGy, w/SCSS *Catalysts are immersed to

distilled water before each test.

—-1-D =«4-D —-5-D
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Fig. 1 Results of time histories of hydrogen concentration
in reaction test case “D” for representative catalyst
sample 1, 4 and 5.
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Irradiation Effect of Gamma Rays on Cyanate

Ester/Epoxy Resins (3)

A. Idesaki ¥, H. Uechi ”, Y. Hakura ® and H. Kishi ®

?) EnVlronment and Industrial Materials Research Division, QuBS, JAEA
® Graduate School of Engineering, University of Hyogo

Cyanate ester/epoxy resins, which show excellent
radiation resistance of several tens MGy, have been
expected to be applied for an electrical insulator of
superconducting magnet systems in ITER, muon beamline at
J-PARC, and so on. While radiation resistance of cyanate
ester/epoxy resins has been studied mainly from the view
point of changes in mechanical properties, there are few
reports on irradiation effects on the resin from the view
point of changes in physicochemical properties such as gas
evolution behavior, change in chemical structure, and so on.
We have studied about effects of y-ray irradiation on cyanate
ester/epoxy resins and obtained results as following'?:

(1) Hydrogen (H,), carbon dioxide (CO,) and carbon
monoxide (CO) gases were main gaseous components
evolved after the irradiation.

(2) Glass transition temperature (Tg) decreased after the
irradiation that means network structure is decomposed by
the irradiation.

In this work, solid state '*C nuclear magnetic resonance
spectroscopy (NMR) spectra were obtained in order to
discuss what kind of chemical structure is decomposed by
the irradiation.

Dicyanate ester of bisphenol A (DCBA) and diglycidyl
ether of bisphenol A (DGEBA) were mixed by 50/50 in
weight and cured at 230 °C as a final curing temperature.
DCBA/DGEBA resin was irradiated by ®’Co y-rays up to a
dose of 100 MGy at ambient temperature under vacuum.
After the irradiation, *C NMR spectra were obtained
and peaks were assigned according to some literatures.
The "*C NMR spectrum of unirradiated DCBA/DGEBA
showed that the resin includes structures of isopropylidene
(No.1-6), ether linkage (No.7-10), cyanurate (No.11-13),
isocyanurate (No.14-16) and oxazolidinone (No.17-19)
(Fig. 1). After 100 MGy irradiation, the relative peak
intensity of No. 1 and 2 decreased by 7 and 21% indicating
decomposition of isopropylidene structure. For the peaks
from 65 ppm to 83 ppm, especially for the peak No. 9, the
relative peak intensity decreased by 33% that indicates ether
linkages are decomposed. Such structural decomposition
causes the change in surroundings of benzene ring. The
relative peak intensity of No. 3, 6 and 10 decreased slightly
(5-13%) after the irradiation. On the other hand, peak
intensity of No.11 did not change. This means that cyclic
-N=C-(O)-N= in cyanurate structure was not decomposed by
the irradiation. This is considered to be caused by relatively
high bond-dissociation energy of C-N bond (745 kJ/mol) in
comparison with C-H (335 kJ/mol), C-O (530 kJ/mol) and
C-C (599 kJ/mol) bonds. Such cyclic C-N-(O) structure is

also included in isocyanurate and oxazolidinone structures,
therefore, it can be inferred that cyclic C-N-(O) bonds
included in cyanurate, isocyanurate and oxazolidinone
structures are hardly affected by the irradiation and that
isopropylidene structure and ether linkages are rather
decomposed by the irradiation.

As a conclusion, it was revealed that ether linkages are
mainly decomposed by the y-ray irradiation with evolving
gases of H,, CO, and CO and decreasing in Tg. In this
work, DCBA and DGEBA were used, however, there are
several kinds of different chemical structure like bisphenol
B, E, F type for both of cyanate ester and epoxy. Since
their combination and compounding ratio may influence on
initial properties of obtained resin and radiation resistance, it
is important to clarify effect of their combination and
compounding ratio on the radiation resistance of cyanate
ester/epoxy resins in order to realize their application for the
electrical insulator of superconducting magnet systems.

Unirradiated
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Fig. 1 Result of solid state *C NMR measurement.
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1-26 Observation of Oxidized Region in Gamma-ray Irradiated
Polyethylene with KOH Treatment and SEM-EDS

A. Shimada, M. Sugimoto and M. Yoshikawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Degradation behavior of polymer cable insulation should
be investigated before installation in the atomic
energy-related facilities in order to realize safe and stable
operation. In the insulation degradation, a radiation
induced oxidation reaction is one of the most important
factors. Therefore, it is necessary to confirm the extent of
the oxidation reaction in the insulation. Oxygen penetrates
into the insulation from the surface to deeper region during
the oxidation reaction. A method for observation of the
oxidized region with KOH treatment and SEM-EDS
(Scanning Electron Microscopy - Energy Dispersive x-ray
Spectroscopy) was established for ethylene propylene rubber
(EPR) V. Carboxyl groups (-COOH) are produced by
oxidation of EPR after irradiation with gamma-rays in air.
By soaking this oxidized EPR in the KOH solution,
hydrogen atoms in the carboxyl groups are replaced with
potassium atoms (-COOK). Potassium can be detected by
EDS, and therefore, the oxidized region is observed by
SEM-EDS. SEM-EDS has the merit of the observation and
element analysis simultaneously. SEM-EDS has not been
adopted to observe the oxidized region of polymer other
than EPR. In this study, we examined observation of the
oxidized region of polyethylene.

A polyethylene sheet (size: 5 cm square and 2 mm
thickness) was irradiated by *°Co gamma-rays at room
temperature with a dose rate of 2 kGy/h for 400 h.
Irradiation was conducted at JAEA Takasaki Food
Irradiation Facility. A piece of irradiated polyethylene was
picked up by utility knife as shown in Fig. 1. Two mL of
0.1 N of KOH solution and 2 mL of isopropanol were

The surface

picked up

The back

Observation is conducted
in this slashed cross section

e

Fig. 1 The way to pick up a sample and its definition for
observation by SEM-EDS.

poured in a glass vial. That piece was added to the glass
The solution was kept at 70 °C for 24 h. Next, the
piece was picked up and washed with distilled water. Then
the piece was dried at room temperature in vacuum for
1 night. The piece was coated by carbon to improve
conductivity. Potassium of the cross section of the piece
was observed by SEM-EDS. The accelerated voltage of
SEM was 25 kV.

As shown in Fig. 2, potassium was observed near the
surface in the cross-section of the polyethylene sheet. The
intensity of potassium is higher at the region within several
tens micro meters from the surface and the back than the
other region. The result means that oxidation occurs at
these regions. It is shown that the oxidized region of not
only EPR but also polyethylene can be observed with KOH
treatment and SEM-EDS. So, SEM-EDS is effective for
the analysis of the oxidation of the materials.

vial.

Reference
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Fig. 2 Potassium distribution in a polyethylene sheet
irradiated with at a dose rate of 2 kGy/h for 400 h.
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Radiation Resistance Test of Insulation

for JT-60SA In-vessel Coil

H. Murakami, A. Sukegawa, G. Matsunaga and K. Yoshida

Department of Tokamak System Technology, FRDD, JAEA

The modifying of the JT-60U magnet system to the
superconducting coils (JT-60SA) is progressing as a satellite
facility for ITER by both parties of Japanese government
(JA) and European Union (EU) in the Broader Approach
agreement V. The in-vessel coils are located inside the
vacuum vessel for error field correction and fast plasma
control. The in-vessel coils are made of copper conductor
and glass-resin insulation. The radiation dose of in-vessel
coil is much higher than superconducting magnet located
outside of vacuum vessel because the vacuum vessel works
as a radiation shield. The total radiation dose of in-vessel
components and out-vessel components are predicted to be
9 MGy and 20 kGy, respectively. Therefore the insulation
materials of in-vessel coils are required more than 9 MGy of
radiation resistance.

BT (Bismaleimide Triazine) resin, CE (Cyanate Ester)
resin and epoxy resin were selected as the candidates of the
insulation material. BT resin and CE resin are well known
as high radiation resistant material. BT resin and CE resin
withstand more than 50 MGy of radiation dose>®. On the
other hand, the epoxy resin has advantage on the cost

because of lower material cost and easy manufacturing.
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Fig. 1 Tensile test results (BT resin).
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Fig. 2 Tensile test results (CE resin).
“CE14,CE15 were not measured due to machine trouble.

The radiation resistance tests are being conducted to
select the insulation material for in-vessel coil. The model
number of BT resin, CE resin and epoxy resin are
“GXA-67N, Hitachi Chemical”, ”"LVT-50, Lonza” and
“Duralco 4460, Cotronics”, respectively. The tensile tests
are performed using samples irradiated up to 3 MGy at the
Cobalt 60 irradiation facility at JAEA Takasaki Institute as a
radiation resistance test. The acceptance criterion is more
than 50% of tensile strength of non-irradiated samples.

The test results of BT resin (Fig.1) and CE resin (Fig. 2)
indicate that the tensile strength of irradiated samples is
almost same as the tensile strength of non-irradiated samples.
The test results of epoxy resin (Fig. 3) show that two type of
tensile strength, around 290 MPa and 500 MPa, were
measured.  This difference is derived from sample
direction as shown in Fig. 4. Considering the sample
direction, the tensile strength of epoxy resin is not degraded
up to 3 MGy.

The radiation resistance test for insulation materials of
in-vessel coil was conducted and all materials can be used
up to 3 MGy. The higher irradiated samples up to 9 MGy
of rated dose for in-vessel coil will be tested soon to decide
the insulation material.
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Fig. 3 Tensile test results (epoxy resin).
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Development of Remote Imaging and Radiation

Measurement Technique under High Radiation Dose

H. Naito, T. Ishikawa, T. Saikawa, K. Ito, C. Ito and T. Sekine

Experimental Fast Reactor Department, ORDC, JAEA

Introduction

A new probing technique using optical fiber is under
development to inspect the damaged boiled water reactors of
the Fukushima Daiichi Nuclear Power Station ". The
proposed probing system consists of a fiberscope for
observation, a fiber-coupled laser-induced breakdown
spectroscopy system, and scintillators with optical fibers for
gamma-ray monitoring. In this report, (1) the irradiation
result of high radiation resistant image fiber and (2) the
gamma-ray detection tests of scintillators were described.
Radiation resistance of image fiber

To be high radiation resistant, we have developed the
image fiber which was made of pure silica core with
1,000 ppm hydroxyl and fluorine doped silica cladding?.
In addition, we have planned the observation using infrared
region, in which is no large absorption by radiation. In the
past irradiation tests, we measured the radiation induced loss
of the image fiber using low picture elements image fiber
then we examined transmission capability of image in high
radiation environment. Long wavelength light is easy to
leak from the core of optical fiber. We increased cladding
thickness for an infrared imaging to avoid light leakage to
the neighbor core. An image fiber which was 10 m long
and had 4.4 pm thick cladding and 22,000 picture elements
was irradiated with ®*Co gamma-rays over 1 MGy at TARRI.

The transmission images of the test chart are shown in Fig. 1.

Infrared imaging can be useful although the resolution of
infrared image was a little worse than that of visible image.
After the irradiation, for visible light, the center of image
was darkened a bit but we could observe.
High-dose rate gamma-ray measurement system

For measuring high-dose rate gamma-rays, we have
adopted optical instrumentation system using fiber and ruby
scintillator. ~ Experiments were carried out using “Co

Visible

light

Infrared
light

Fig. 1 Transmission images of the test chart: (Top)
visible light (Bottom) infrared light, (Left) before
irradiation (Right) after 1 MGy irradiation. Picture
elements of image fiber were 22,000.

1,2)
2

gamma-ray at TARRI. The optical fiber has improved
radiation resistance by the addition of fluorine to pure silica.
The ruby scintillator made from Al,O; with a Cr,O3 content
of 0.4%. Figure 2 shows the wavelength spectra. There
is a peak emission of Cr*" in ruby scintillator at 693 nm, and
there is a peak emission of optical fiber to 300~500 nm.
It is expected measurable selectively emitting ruby
scintillator by performing wavelength discrimination.

Figure 3 shows the results of the radiation resistance
experiment. We got the applicable prospect of this
measurement system since there is no reduction of the
transmission and the amount of light emission in both ruby
scintillators, optical fiber after the irradiation of 1 MGy.
Summary

We confirmed that the optical fibers have enough
radiation resistance and have a prospect of the application
for ruby scintillator as a high-dose gamma-ray measurement
system. We are preparing a prototype probing system and
make steady progress on a practical application for the
remote inspection in RPV/PCV.
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Gamma Irradiation

T. Takeuchi, H. Hanakawa, H. Shibata, T. Uehara, S. Ueno,
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As a part of research and development for restarting of
JMTR, advanced measuring systems are desired under
neutron irradiation. Previously, in-situ measurements of
the temperature, neutron flux and so on had been performed
with instrumented capsules. However, after the restart,
many users will not be able to obtain satisfying irradiation
data because over 90 percent of the instrumented capsules
are already booked in irradiation schedule. Therefore,
development of remote sensing techniques, which enable us
to obtain the data from un-instrumented capsules during
irradiation, has been started from 2012. In this study,
gamma irradiation effects on LEDs and photo diodes (PDs)
were evaluated for the development of a radiation-resistant
in-water wireless transmission system using visible light.

The three types of LEDs and the two types of PDs were
irradiated at the ®Co gamma-ray irradiation facility”. The
irradiation condition is shown in Table 1. The LEDs were
encapsulated in a bullet-shaped epoxy resin package and
each had 575, 609 and 635 nm of peak emission
wavelengths, respectively. One of the PDs had a light
window composed of a borosilicate glass and a silicone
resin, and the other a quartz glass. The current-voltage
property and total luminous flux of the LEDs and the dark
current and light sensitivity of the PDs were measured
before and after the irradiation.

The dose dependence of the total luminous flux of the
LEDs is shown in Fig. 1. The total luminous flux rapidly
decreased at the low dose and then slowly at the high dose
for all LEDs. The shorter wavelength the LED emitted, the
greater the total luminous flux decreased. After the
irradiation, the resin lenses turned oxblood and their
coloring became dark with the irradiation dose. Meanwhile,
the current-voltage characteristics hardly changed.

The dose dependence of the light sensitivity of the PDs is
shown in Fig. 2. For the PD with the resin light window,
the light sensitivity rapidly decreased at the low dose and
then slowly at the high dose. The shorter wavelength the
PD received, the greater the light sensitivity decreased.
These tendency are almost the same as in the case of the
LED. For the other one with the quartz glass window,
which has good irradiation resistance®, the light sensitivity
did not changed significantly except for the wavelength of
450 nm. After the irradiation, only the resin window

Table 1 Gamma irradiation condition of the LEDs and
PDs.
Dose Doserate Temperature
[kGy] [kGy/h] [°cl
10, 20, 50, 100, 1000 10 ~20

turned oxblood and their coloring became dark with the
irradiation dose while the dark currents were at most 10 nA
for both the PDs. These results indicated that the decreases
of the total luminous flux of the LEDs and the light
sensitivity of the PDs were caused by not the degradation of
the semiconductor parts but the coloring of the resin parts by
the irradiation.

In the future, the irradiation experiments with applying
voltage on the devices will be performed as the actual
condition in use. Irradiation effects on other components,
e.g. electric sources and optical filters, will also be
investigated.
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We had performed the gamma-ray irradiation tests on the equipments of ready-made LED lighting. As a result, we had

obtained base data for radiation-resistant of the equipments.

And we developed radiation-resistant LED lighting by the data.

This paper reports on the examination of the gamma-ray irradiation for “Development of the Radiation-resistant LED

lighting”.
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Fig. 1 Radiation-resistant LED lighting and its specification.

it s AR AR T SR & S I RFZE TN D= S L R
60 FRESHiF%EE 1 MRET=EAZFIAL, B ~<MBRFHc I E
fE L7z, SRERIL, WK S MGy L7enECHRELTZ,
I~ BRI SRR B b HR B D 2R AL R D BAR % Fig. 2 1R T,

100 Initial illuminance 70%
S border line
X < 80
= &
o &
3 < 60 u‘i
o o
£
E Y
5 %
- o
3
I\

N
o

——Radiation-resistant LED lighting —1
—#— Radiation-resistant LED lighting —2
—*—Non - improvement

00 05 10 15 20 25 30 35 40 45 50 55 6.0
Absorbed Dose (MGv)
Fig. 2 Luminous flux rate of change.

A [aIBRAZE Uizt it iRt LED FREAZS B, it
PEOENT-M B FM 2 RELT-FICLY, B~ BRI
FREA 2 MGy LA ETHHIMIRREE D 70%LL F o> R A
FFCERTLEMRB LT, ZORRITH 2 MGy IZBWTh
JIS-C-8150-3 VIZFtik 32 W IR D 70%4 1 it T& =L
B2 Do RIHREDO IR DK A&~ BRI AR B D%
WIZEDIROREF% Fig. 3 (R, E-0 0 ~HR R

DA BEARHE (N ) ER - EE) OZLZRIT, £1%5E
EECRELTHEITLTWAZE AR TE,
AREL I, S HBUERZ TP 3Bk (IP 65) 2 FE ML Z D ft:

Fig. 3 Luminous flux state of gamma-ray irradiation.

BRAETG R LT D, L, B RRERBE T Tl #eig o
WL 72 E CTOMERRDBHERFL RN ER B 2 5D,
FITC. A BB, ZOPERER A LTV AD TR
10T, TORER, o~ RS (RN E 3.3 MGy) %
THIP 65 i L CWAZEEMER LT,

AFFIECRAZE L7z LED FRBAZS B i ic B3
DHEFERBRE FEHEL . WA R LED B BABR %9
BHZENTE, A RIBIR U= THth it LED BRiA s B |
W LRI O LB RN EL BRSO L7 K
BRERBEIC 2, B =¥ — BEHEMORARE THA,

AAFFRNC T DBAFED D | BN VEZESE E i BRERBE
BT B IRIA SR B D AT o A B FE AR L D% 1E<
DRI OSSR BEEY DWARCICE R TEALDEE
250 B tRIL. RN - Wit R D h) B35 2L CHME
L7z, kB2 B0~ R % 2k 55,

HURRRERE T~ AL, R omBEBESERICHLE
RTEXDLDEEZ D,

References

1) M. Kamikawa et al., JAEA Takasaki Annu. Rep. 2012
JAEA-Review 2013-059 (2014) 28.

2) Ministry of Economy, Trade and Industry, Home Page
Technical catalogue WG, “Development of the
containment vessel in-house investigation technology”,
(Feb. 2012).

3) JIS C 0920: 2003 Degrees of protection provided by
enclosures (IP Code).

4) JIS C 8105-3: 2011 Luminaires-Part3:
requirements for performance.

General

,34,



JAEA-Review 2014-050

1-31

Irradiation Hardening of Extra High Purity Ni-base

Superalloy under External Stress

I. Toka®, G. H. Kim® and T. Inoue ©

% Division of fuels and Materials Engineering, NSED, JAEA, ® Tokamak Eng. Dept, National Fusion
Research Institute, ITER Korea, ° Division of Fuels and Materials Development, ANSRD, JAEA

An extra high purity (EHP) Ni-base superalloy has been
developed as MA doped MOX fuel claddings for sodium
cooled fast reactors. In EHP alloys, impurities, such as C,
O, N, P and S were reduced to less than 100 ppm in total to
irradiation  embrittlement and

improve  workability,

intergranular corrosion resistance. The cladding materials
suffer from stress (external pressure, thermal stress) under
the operation. There have been many irradiation experiments
done under external stress to investigate stress effects on
microstructural evolution of 300 series austenitic stainless

steels. It is reported that the total nucleation rate of Frank

loops increased with increasing external stress .

However,
there are few studies on the effect of external stress on
microstructural evolution of Ni-base superalloy under
irradiation.  The purpose of this study is to evaluate the
effect of external stress on irradiation hardening of EHP
Ni-base superalloy.

The material used in this study was W-rich silicide phase
strengthened EHP Ni-base alloy, so called EHP(WSi) alloy.
The EHP(WSi) alloy was manufactured by the multiple
refined melting processes. The ingot was solution-treated
at 1,498 K for 1 h and then aged at 1,123 K for 24 h. The
The
materials were cut to small coupon type specimens (20 X 5 X
0.5 mm®).

of a special bending holder during the irradiation as shown

chemical composition of the alloy is given in Table 1.
Specimens were plastically deformed by mean
in Fig. 1. Tensile strain on the surface of bent specimens
was calculated to be about 2%, so that the initial stress was
over 0.2% Both deformed and
undeformed specimens were simultaneously irradiated using
the holder.  Irradiation was performed under triple
(Ni**+He"™+H") ion beams at 673 K in the TIARA facility at
JAEA. Tons of 12 MeV Ni*", 1.05 MeV He** and 380 keV
H" were injected to simulate a FaCT core irradiation

offset stress level.

environment. The peak depth of displacement damage was
calculated to be 2 pum by SRIM-2000.
displacement damage at depth of 1.5 pm was changed from
1 to 27 dpa.
1 appmHe/dpa and 15 appmH/dpa, respectively.

The mean

The injection rates for He and H were
The
surface temperature of the both specimens was measured by
two-dimensional infrared pyrometer and kept to be constant
under irradiation. The microhardness was measured by
using a nanoindenter. The hardening behaviour of the

irradiated specimens was evaluated by indentation depth of

400 nm in consideration of the damage depth. The
microhardness was calculated from mean values of 10 points
per each specimen.

The dependence of microhardness on irradiation was
evaluated for EHP(WSi) alloy with and without bending
deformation. Figure 2 shows the change in irradiation
The vertical axis
of Fig. 2 denotes the microhardness of irradiated specimen
In both of deformed
and undeformed specimens, the microhardness increased
immediately up to 5 dpa and was saturated. Although
variation of data for deformed specimen was large, the

hardening at 823 K as a function of dose.

normalized by that of unirradiated.

normalized microhardness of deformed specimens was
slightly lower than that of undeformed ones from initial
condition.
SUS316L bent specimen was suppressed at about 10 dpa in
comparing with that of un-bent specimen for the irradiation
at 673 K has been reported by Okubo et al . The
difference between the deformed and undeformed specimens

The same tendency that irradiation hardening of

was not clear, so the microstructural evaluation by TEM is

essential issue for interpreting the difference.
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1. Introduction

Precipitation-strengthened high-nickel alloys have been
developed for fuel cladding material in advanced reactor
because of their intrinsic superior swelling property. In
most cases, these alloys are strengthened by an intermetallic
compound such as ordered phase y’ [Ni; (Ti, Al)] formed in
the matrix. The most important issue in development of
high-nickel alloy is considered to be the improvement of
mechanical properties at elevated temperature; the
significant ductility is lost due to irradiation at high
temperature.
the re-distribution of ordered phase y’ and solute segregation

The cause of this problem was believed to be

to defect sink sites, such as grain boundary, dislocation and
void surface, during irradiation”. In this study, several
types of precipitation-strengthened high-nickel alloys were
developed and then the phase stability (precipitate stability
and swelling resistance) in these alloys during irradiation
was evaluated by utilizing TIARA facility.

2. Experimental

The materials used in this study were two types of high
nickel alloys and an austenitic stainless steel for the
comparison; carbo-nitride phase strengthened high-nickel
alloy (8NK_A), y’/y” [NizNb] phase strengthened
high-nickel alloy (1543G) and Ti-modified SUS316
stainless steel (PNC316).

Specimens were irradiated at the TIARA facility by
12.0 MeV Ni** ions with 1.05 MeV He" ions and 0.38 MeV
H' ions. The irradiation was mainly performed to 100 dpa
at the depth of 1.0 pm and the damage rate was about 1.0 x
107 dpa/s at this depth. The implantation rates for He and
H were 1 appmHe/dpa and 15 appmH/dpa, respectively.
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Fig. 1 Irradiation temperature dependence of void swelling
in triple (Ni**+He"+H") and double (Ni*'+He") beam
ion-irradiated high-nickel alloys.

Thin foils for transmission electron microscopy (TEM)
were fabricated using a focused ion beam (FIB) instrument.
TEM observations for phase stability evaluation of
ion-irradiated high-nickel alloys were carried out with a
JEM-4000FX operated at 400 kV.

3. Results and Discussion

Figure 1 shows irradiation temperature dependence of
void swelling of 8NK_A, 1543G and PNC316. This result
indicates that swelling peak temperature is around 600 °C
and that 1543G has superior swelling resistant property to
the other alloys?.

TEM images of typical void and precipitate structures
observed in 1543G, 8NK_A and PNC316 at 550 and 600 °C
are shown in Fig. 2.
and growth of all specimens were suppressed due to fine
precipitation distribution at 550 °C and that void coarsening
was accompanied when the existing massive shape of
precipitates coarsened at 600 °C. This result indicates that
swelling resistance of these precipitation-hardening alloys is

It is considered that void formation

closely related to the precipitate morphology and stability
during irradiation.
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1. Introduction

Precipitation-strengthened Ni-base alloys have been
considered for fuel cladding in advanced reactors. Because
these alloys have not only excellent properties at high
temperature, but also very good performance with respect to
swelling and creep resistance during irradiation.
factor of high temperature strength in these alloys is the
formation of ordered phase y’ [Ni3(Ti, Al)] or y’/y’’ [Ni;Nb]
in the matrix".

alloys exhibited the significant ductility loss due to
1-3)

The main

However, many studies reported that these

irradiation at high temperature
ductility were believed to be the re-distribution of ordered
phase v’ and solute segregation during irradiation at defect
sink sites, such as grain boundary, void surface and
dislocation.

The reasons of poor

From this viewpoint, we have developed an alternative
Ni-base alloy strengthened by W-rich silicide (G phase),
which has a good stability at high temperature.
this work is to evaluate the ductility of the G phase

The aim of

strengthened Ni-base alloy irradiated at various temperatures.

The
ion-irradiated material.

evaluated from microhardness of
The microhardness of G phase
strengthened Ni-base alloy is compared with that of ordered
phase y’ in Nimonic PE16, which is a representative
commercial alloy of precipitation-strengthened Ni-base

ductility is

alloys.

2. Experimental

G phase strengthened Ni-base alloy (Fe-43Ni-25Cr-10W-
2.7Si) under extra high purity grade so-called EHP(WSi)
alloy was used for the ion-beam irradiation experiments.
To estimate irradiation hardening, ion-irradiation were
performed under triple (Ni*" + He" + H") ion beams at
100 dpa and at temperatures ranging from 673 K to 973 K,
which was the range of operation temperature for cladding
material of JSFR. Twelve MeV Ni*' was injected to
produce radiation damage and ions of 1.05 MeV He*" and
380 keV H' were implanted through Al degrader foils to
simulate a FaCT core irradiation environment. The peak
depth of displacement damage was calculated to be 2 pm by
SRIM-2000. The mean displacement damage at depth of
1.5 um was selected to be 100 dpa.
He and H were 1 appm/dpa and 15 appm/dpa, respectively.

The surface temperature of the specimens was measured

The injection rates for

by two-dimensional infrared pyrometer and kept to be
constant under irradiation. The microhardness was measured

by using a nanoindenter. The hardening behaviour of the

irradiated specimens was evaluated by indentation depth of
400 nm in consideration of the damage depth.

3. Results and discussion

The dependence
temperature was evaluated for EHP(WSi) and Nimonic
PE16. The change in microhardness is shown in Fig. 1.
The vertical axis of Fig. 1 denotes the microhardness of

of microhardness on irradiation

irradiated specimen normalized by that of unirradiated.
The unirradiated specimens have received the same heat
history as the irradiated specimens. In both specimens, the
microhardness decreased with the increase of irradiation
temperature. It seems that the decrease in microhardness is
attributed to thermal recovery of irradiation defects.
EHP(WSi) showed a bigger irradiation hardening within the
range from 673 K to 823 K compared with PE16. It is
considered that it is based on the difference in the stability
of radiation defects.

with TEM is essential issue for interpreting the difference.

The detailed microstructural evaluation
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Ferritic/martensitic steels F82H and austenitic stainless
steels SUS316L were irradiated with aiming at considerably
high damage level and high concentration of helium by
means of dual ion irradiations in this period.  The
hardening behavior of the irradiated SUS316L steels
indicated that the hardness was saturated and was kept
constant at higher dose of irradiation. There was almost no
difference on radiation hardening behaviors between single
In the case of F82H,

however, no saturation of hardening behavior was observed

irradiation and dual irradiation.
even at high fluence of 250 dpa. Also, the hardening
behavior of F82H showed extra hardening in dual irradiation
comparing with single irradiation.

In future commercial fusion system and ADS target
components, the structural materials will be heavily
irradiated under severe conditions, where displacement
high of He and H

accumulations will simultaneously occur by high energy

damage, concentration atom

neutron irradiations. Degradation of mechanical properties
after irradiation should be suppressed within a range
permissible for the system design. High fluence neutron
irradiation experiments over a few hundred dpa are
practically difficult due to long time irradiation and high
cost. Especially, nuclear transmutation gas concentration
in present experimental reactor irradiation is not sufficient
for estimating He effects. Simultaneous ion irradiation
experiments are powerful techniques for simulating fusion
and ADS irradiation fields.

In this report, we address irradiation hardening behaviors
of SUS316L and F82H steels in the case of simultaneous
irradiation of helium at considerably high damage levels.

Ion irradiations of 10 MeV-Fe’" and 1.05 MeV-He',
which depth distribution was extended by energy degrader
made of 800 nm Al foil, was conducted for SUS316L
(solution annealed) and F82H (IEA Heat, normal heat
treatment) at 300 °C.  Achieved damage level was 250 and
200 dpa in single and dual irradiation, respectively. The
irradiation rate was 1.2 x 107 dpa/s and Helium rate was
After the

micro-hardness was measured by using nanoindentation

about 100 appmHe/dpa. irradiation, the

technique. To suppress the variation of surface
morphology among the specimens, the identical specimen
was irradiated for SUS316L and F82H after intermittent
hardness measurements over 100 dpa in both cases of single

and dual irraditions.

Dependence of single and dual irradiation hardening on
the displacement damage to SUS316L and F82H is shown in
Fig. 1. In the case of single irradiation to SUS316L, the
irradiation hardening increased gradually as increasing the
damage up to 50 dpa and was subsequently saturated. The
dual irradiation showed almost the same hardening
behavior as that for SUS316L. Then, He effect did not
appear in this experiment for SUS316L. In the case of
F82H, however, different hardening behavior appeared in
both

hardening was not saturated even at considerably high

single and dual irradiations. The radiation

fluence of 250 dpa in single irradiation. In the case of
dual irradiation, extra hardening appeared obviously from
50 to 200 dpa.
maximum.

The extra increment was about 9% at

In ferritic steels, the radiation hardening is correlative
with DBTT (ductile-brittle transition temperature) shift ",
This means that materials used in future ADS and fusion
system should be modified in case of high irradiation at
relative low temperature around 300 °C.  Optimization of
heat treatments is one of the promising techniques? to
suppress the radiation degradation.
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Fig. 1 Hardening behaviors of F82H and SUS316L steels.
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Because fuel cladding having long life and fracture
resistance is a key technology for the practical application of
fast reactor, R&D of it is being carried out. Japan Atomic
Energy Agency (JAEA) chooses oxide dispersion
strengthened (ODS) steel as the advanced fuel cladding
material for fast reactors.

The 9Cr and 11Cr-ODS steels are prioritized in JAEA.
The stability of the dispersed oxide under irradiation at high
temperature should be evaluated, because the dispersion
strengthening is dominant in high temperature strength of
ODS steels. In case of 11Cr-ODS steel, ductility loss due
to irradiation at lower temperature (< 450 °C) is a concern
A lot
of irradiation data are necessary to evaluate irradiation
resistivity, whereas the data are limited. There are many
difficulties to conduct neutron irradiation, such as limited
irradiation field, long irradiation time, human resource,
activation, etc. Heavy ion irradiation is beneficial as
alternative irradiation, because it can provide high dose in
short time, and activation is negligible if injection energy is
lower than threshold energy. The purpose of this study is
to obtain the dose dependence of irradiation behavior of
JAEA-ODS steels in short period by ion irradiation.

The irradiated materials are JAEA-9Cr and 11Cr-ODS
steel, and the chemical compositions of them are 9 wt%Cr-
0.13C-2W-0.2Ti-0.35Y,0; and 11Cr-0.14C-1.4W-0.4Ni-
0.3Ti-0.35Y,0s, respectively. For each steel, two types of
heat treatments were adopted: normalizing-and-tempering
(NT; 1050 °C x 1 h, AC = 800 °C x 1 h, AC), and
furnace-cooling (FC; 1,050 °C x 1 h - furnace-cooling at
30 °C/h). The specimens, which had been cut from the
ODS steels and polished to optical grade with colloidal
silica, were irradiated up to 120 dpa with 10.5-MeV Fe**
ions from the 3-MV tandem ion accelerator of TIARA.
The irradiation temperatures were 400 and 700 °C, which
are the bottom and top temperatures of fuel cladding in fast
reactor normal operation.

Nano-indentation tests were carried out to monitor the
indication of oxide dispersion condition change under high
temperature irradiation and irradiation hardening at low
temperature.

Figure 1 shows the irradiation hardening AH;; at 400 °C.
The FC specimens were hardened over 1 GPa by 40 dpa
irradiation, and the hardening was saturated. The values of
AH 7 for NT specimens at 40 dpa were smaller than those for
FC specimens and were not saturated. The increase of
AH;7 continued up to 120 dpa, and the values of AH;r at
120 dpa were almost the same as those for FC specimens.

similar to other conventional high-Cr ferritic steels.

As the matrix of NT specimens is tempered martensite
containing dense dislocation which is the sink site of
irradiation defects, the concentration of irradiation defects
decreased, and the irradiation hardening rate would decrease
in NT specimens. The irradiation hardening behaviors of
9Cr and 11Cr-ODS steels are similar. Therefore, in this
test, increasing Cr content from 9 to 11 wt% did not enhance
irradiation hardening.

Figure 2 shows the irradiation hardening at 700 °C. The
FC specimens were hardened to 0.7-1 GPa by 40 dpa
irradiation, whereas the irradiation hardening of NT
specimens was not significant up to 80 dpa. At 700 °C, the
mobility of defects increases, and most of defects cannot
form clusters, because they can reach the sink, such as the
dislocations, then disappear in NT specimens. However,
irradiation defects could accumulate in FC specimens,
because of less of the sink in FC specimens. This
difference might be cause of the difference between the
irradiation hardening behavior of NT and FC specimens.
In addition, the fact that irradiation softening was not
significant, suggests that the dispersed oxide particles were
stable under high-dose irradiation.
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Fig. 2 Irradiation hardening due to ion irradiation at 700 °C.
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Reduced activation ferritic/martensitic steel (RAFs) is the
most promising candidate for the blanket structural material

in fusion reactor.

This blanket contains many joints of
F82H plates using tungsten inert gas (TIG) welding, electron
beam (EB) welding, hot isostatic pressing (HIP) and so on.
These joints are also exposed to high neutron flux irradiation
in fusion reactor. Neutron irradiation experiments are
being performed at HFIR, JMTR and so on. Some data of
modified F82H and welded F82H are also obtained from
post irradiation experiment. On the other hand, the effect
of transmutation helium on mechanical properties and void
swelling in RAFs is also an important subject. Multi ion
irradiation method contributed to this subject in F82H base
metal because this method can easily simulate the ratio of
displacement damage and helium/hydrogen production 2.
However study of helium/hydrogen gas effect with F82H
welded joints is not enough.

The objective of this study is to evaluate radiation
hardening and void swelling behavior on multi-ion
irradiated F82H weldments up to 20 dpa.

The material used in this study was reduced activation
ferritic/martensitic steel (F82H IEA; Fe-8Cr-2W-0.2V-
0.04Ta-0.1C). The heat treatment was normalized at
1,040 °C for 0.63 h and the material was tempered at 750 °C
for 1 h. TIG and EB weld metal (WM) were annealed at
720 °C for 1 h (PWHT; post weld heat treatment). Small
coupon specimens (6 x 3 x 0.8 mm®) were irradiated in the
TIARA facility by 10.5 MeV Fe** ions with/without
1.05 MeV He' ions and 0.38 MeV H' ions. He" and H"
ions implantation were performed using aluminum foil
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Fig. 1 Examples of microstructure images for F82H

EB-WM and TIG-WM at 470 °C up to 20 dpa.

energy degraders. The irradiation was performed to 20 dpa
at the depth of 1.0 pm and the damage rate was about 1.0 X
107 dpa/s at this depth. Post-irradiation experiments were
performed at IFERC DEMO R&D building in Rokkasho.
The microstructural examination was carried out using a
JEOL JEM-2100F transmission electron microscope (TEM)
operating at 200 kV.  Micro-indentation tests were
performed at loads to penetrate about 0.30 um using an
ENT-1100a (Elionix INC).

Figure 1 a)-c) show examples of microstructure images
for F§2H EB-WM and TIG-WM at 470 °C up to 20 dpa by
dual and triple ion beam irradiation. For 470 °C irradiation
in these F82H WMs, cavities are observed from about 0.7 to
1.6 um from an irradiation surface. The void swelling in
F82H EB-WM (dual beam), EB-WM (triple beam) and
TIG-WM (triple beam) was ~0.6%, ~0.3% and ~0.4%,
respectively.  On the other hand, few cavities were
observed in the same region as that at 400 °C irradiation.

The results of micro-hardness for F82H EB-WM and
TIG-WM were shown in Fig. 2 a), b). For each F§82H
WNMs, an irradiation hardening has a tendency to decrease at
higher irradiation temperature. At 470 °C irradiation,
many cavities were observed in each microstructure.
However, these cavities did not strongly contribute to the
irradiation hardening.

For this study, a temperature dependence of the void
swelling for F82H EB WM and TIG WM could be roughly
obtained. The peak of swelling arises at ~470 °C, and this
result agrees with a behavior of high-dose irradiation
(~50 dpa)?. Also, the void swelling of both WM
microstructures was smaller than that of F82H IEA (base
metal), slightly.
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Influence of Irradiation Damages Produced by

Heavy Ion on Hydrogen Isotope Dynamics for
Plasma Facing Material

Y. Oya, L. Zhang, M. Kobayashi, H. Uchimura, K. Toda,
M. Sato and K. Okuno

Graduate School of Science, Shizuoka University

1. Introduction

For future fusion reactor, it is important to evaluate the
fuel retention, especially tritium retention, for plasma facing
W material under operation temperature. In especially,
various energetic ions, like neutron, helium, and hydrogen
isotopes will be dynamically implanted into W materials,
We have
already revealed that the D retention for 0.025 dpa neutron
irradiated W is not reduced by D plasma exposure even at
800 K. This indicates that the distribution of damages
would control the D retention.

which will introduce various trapping sites.

In addition, the recovery of
damages will proceed at the temperature above 800 K.
Therefore, this study focuses on the elucidation of D
retention behavior for damaged W at room temperature and
accumulate the fundamental knowledge for hydrogen
isotope retention in W exposed to complex circumstance at
higher temperature.

2. Experimental

The mirror finished disk-type tungsten samples with the
size of 10 mm in diameter and ~0.5 mm in thickness were
exposed to 6 MeV Fe?' to introduce the damages of 3.0x
10 dpa to 1.0 dpa at TIARA facility in JAEA. Thereafter,
the samples were picked up and transfer to Shizuoka
University. The 1.0 keV deuterium ions (D*') were
additionally implanted into these samples with the flux of
1.0x10" D" m? s up to the fluence of 1.0x 10 D' m? to
evaluate the D retention behavior in W using TDS.

3. Results and discussion

Figure 1 shows the D, TDS spectra for W with various
damage concentrations. The D desorption stages consisted
of three stages, namely Stage 1 at ~400 K, Stage 2 at
~ 600 K and Stage 3 at above 700 K. Based on the
previous reports, Stage 1 was assigned to be the desorption
of D adsorbed on the surface or trapped by dislocation
loops*?. The amount of D desorbed at Stage 1 was almost
the same among all the damaged W with different damage
concentration, although the D desorption of Stage 1 for the
damaged W was higher than that for the undamaged W,
indicating that the concentration of dislocation loops would
be almost saturated at the damage concentration of 3.0 X
10* dpa.
increased as the damage concentration increased. No large
D desorption of Stage 2 for undamaged W was found,
indicating that the Stage 2 should be the desorption of D

However, the D retention of Stage 2 was

trapped by vacancies, whose concentration was increased as
For Stage 3, no D
desorption was found for the sample with the damage

the damages are accumulated.

concentration less than 3.0 x 1072 dpa, showing that the
dense damage would initiate additional trapping site in W.
In our previous study, the same desorption behavior was
found for W with higher D fluence **. The TEM
observation showed that void was formed in W in this
The
accumulation of void in W would shift the D desorption

condition, leading the stable D trapping site.

temperature toward higher temperature side.

These desorption behavior was simulated using trapping
& diffusion model.
results.

Figure 1 also show the simulation
It was found that the experimental results were
good agreement with the simulation results, especially
Stages 2 & 3.
higher temperature side would be caused by the diffusion

The temperature shift of Stage 3 toward
from bulk to surface. In future work, more detail
evaluation of D trapping and diffusion behaviors will be
elucidated.
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Silicon carbide (SiC) and its composites (SiC/SiC) are
attractive candidate materials for nuclear fusion energy
application because of their superior irradiation performance
and thermo-physical, -chemical, and -mechanical
properties?. To realize the use of such composites, the
effect of transmuted helium (He) and hydrogen (H) under
fusion environment needs to be clarified in terms of
dimensional stability of SiC. However, the information
after irradiation is quite limited about SiC containing
secondary phases composed of sintering additives as
impurities, such as matrix of nano-infiltration transient
eutectic (NITE) sintering process, in contrast to high purity
SiC made by the chemical vapor infiltration method *.
Therefore, the irradiation effect on dimensional stability of
the NITE-SiC has been previously examined™®. In this
fiscal year, microstructural evolution of the NITE-SiC after
ion irradiation to a relatively high-dose with a special
emphasis on the transmuted H effects was investigated.

Monolithic SiC ceramics via the NITE method were
irradiated at Takasaki Ion Accelerators for Advanced
Radiation Application (TIARA) facility of Japan Atomic
Energy Agency. Simultaneous dual or triple ion irradiation
was conducted to ~30 dpa at 1,000 °C in order to simulate the
synergistically transmuted He/H effects. Microstructure was
evaluated with transmission electron microscopy (TEM) for a
specimen thinned by focused ion beam.

After dual and triple ion irradiation to 10 dpa with
130 appmHe/dpa, small cavities (~2 nm) were formed in the
SiC grains (Fig. 1), and larger ones (~ 15 nm) formed along
yttrium-aluminum-garnet (YAG)/SiC grain boundaries.
Based on the TEM micrograph analysis, under fusion
environmental condition (40 appmH/dpa), no remarkable
negative effects of hydrogen on cavity formation was found
under the condition studied. Additionally, cavity swelling
was also small even under the excessive H implanted
condition (~0.06% for the cavities in grain interiors and
~ 0.05% for the ones at grain boundaries after
400 appmH/dpa (Triple x 10) irradiation)”.

Figure 2 represents typical low-mag TEM images of the
monolithic NITE-SiC irradiated to 30 dpa, showing local
cavity formation (i.e., bi-modal distribution of cavity size)
seems to be more apparent in both cases. For example, in
Fig. 2(a), 1) micro-cavity arrays (void swelling) were
formed in Al,O; grains, and 2) local coarsening cavity size
was observed around on the GBs. In Fig. 2(b), cavities
were also formed in YAG grains. Although cavities
inherently exist even in unirradiated condition due to

Unirradiated Dual Triple Triple Hx10

Fig. 1 TEM micrographs showing cavity formation after
ion irradiation to 10 and 30 dpa at 1,000 °C with varied
He/dpa and H/dpa conditions (Dual, Triple,
Triple x 10)”.

—
20nm
Conditions:
NITE-SIC (C), GI
1000°C
Single:
+6.0 MeV Siz*
+130 He/dpa
+ Dual:
1.0 MeV He*
+130 He/dpa
+ Triple {Triple Hx10}:
=340 keV H*
+40 {400} H/dpa

30dpa

NITE-SiC (C) 1000°C, 30 dpa, 1.0 102 dpa/s
130 He/dpa, 0 H/dpa (Dual)

NITE-SIC (C) 1000°C, 30 dpa, 1.0X 10° dpa/s  mmmm
130 He/dpa, 40 H/dpa (Triple) ~ 00m

Fig. 2 Lower TEM micrographs of cavities after ion
irradiation to 30 dpa at 1,000 °C.

possible reactant (CO, SiO, ALO and Al) gases when
processing, He/H gases might enhance these cavity growth.
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Ionizing Dose Dependences of Radiation-induced

Conductivity and Radiation-induced Electrical
Degradation of Chemical Vapor Deposited Silicon
Carbides under Gamma-ray Irradiation
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Silicon carbides (SiCs) are potential candidates as
insulating materials in nuclear fusion systems such as
between
tritium breeding and neutron multiplier materials composing
Li-Pb blanket modules. So far, for CVD-SiC materials
with high purity and density, synthesized by the chemical
vapor deposition

separators or insulating flow channel inserts,

enhanced
phenomena such as radiation induced conductivity (RIC)
and radiation induced electrical conductivity (RIED)-like

behavior has been observed by in situ radiation experiments
D

technique, the radiation

under gamma-ray and fast neutron irradiations

Figure 1 show effects of dose on RIC, ogc, under *Co
the base
conductivity, opc, in the absence of radiation (beam-off) for
the CVD-SiC at 3.4 Gy/s in He gas atmosphere, 3.6 Gy/s in
vacuum, and 5.9 Gy/s in air at room temperature by the

gamma-ray irradiation (beam-on) and on

DC-electrical resistivity method. These relationships were
determined from the Ohm’s law using the increase in the
currents when applied from 0 to +3 V and the volume of the
CVD-SiC. The was also
proportional to the applied voltage under a constant
irradiation intensity. A rapid increase in the electrical
conductivities of the irradiated CVD-SiC; this is indicative
of RIC, was observed at the beginning of the irradiation.

radiation-induced current

The ogjc values gradually increased with an increase in the
dose and subsequently became almost constant. Similarly,
the opc values also changed with rapid increases at initial
doses below approximately 10 kGy, as compared with those
that before irradiation, and hereafter with gradual increases
at doses above approximately 10 kGy. These two kinds of
rapid and gradual

characteristics
)

degradations in the insulating

the occurrence of RIED-like
The radiation-induced phenomena in He and
Therefore, the RIED-like
behavior is not related to the reaction of radicals such as

indicate
behavior
vacuum is similar to that in air.

oxygen, nitrogen, water,
produced by ionization, with the surface of the CVD-SiC.
In addition, the diffusion of He into the CVD-SiC is not
enhanced by ionization, either.

and so on containing in air,

Figure 2 shows Cole-cole plots at various doses for the
CVD-SiC, measured in vacuum under gamma-ray
irradiation, by the AC impedance method, where Re and Im
represent real and

imaginary, respectively, parts of

impedance. The Re and Im values decrease with an
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Fig. 1 Dose dependence of RIC, spic, and base
conductivity, sgc, of CVD-SiC, where spic and spc
represent data on 1.17 and 1.33-MeV gamma-ray
beam-on at approximately 5.9 Gy/s in air, 3.6 Gy/s in
vacuum, and 3.4 Gy/s in He atomospheres, at 300 K and
-off, respectively.
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Fig. 2 Cole-cole plots at various doses for CVD-SiC
samples, measured in vacuum at 298-307 K by AC
impedance method on beam-on and -off.

increase in the dose on gamma-ray beam-on, while those
increase again on beam-off.
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Precipitated Helium Injected by 400-keV Ion Implanter of TIARA
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JAEA’s recent investigation has shown that a negative
crystal is formed in UO, in a course of a precipitation of
helium injected by HIP"?. The phenomena which has
been attracting our interest is that the shape of the negative
crystal changes drastically depending on the inner pressure,
which implies that the shape can be transformed arbitrarily
by controlling the condition of a helium release. The shape
controllable negative crystal is named an image crystal.
On the other hand, the study on the morphology of the facets
on Wulff-shaped UO, cavity showed that the structure of
(001) facet has complicated trench structure composed of
{111} and {001} . Based on this interesting information,
we considered that a new photonics functional material
might be developed by introducing image crystal into
transparent single crystal since there should be difference in
the reflexion between these facets. As an initiatory step
toward the development, we examined formation of image
crystal in CeQ, thin film.

Pieces of CeO, (100) thin film (800 nm) formed on
SrTiO; base were heat treated at 1,273 K for 2 h.  Figure 1
shows the channeling effect of the film examined by RBS

(Rutherford  Backscattering  Spectrometry). The
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Fig. 1 Channeling effect of the film examined by RBS.

measurement showed that the minimum yield was as low as
2.3%. The oriented growth of the surface (100) was
confirmed by X-ray diffraction. These results indicate that
the film can be treated as a single crystal formed through an
epitaxial growth. The films were irradiated with 130-keV
He*" ions from 400-keV ion implanter of TIARA. The
helium ion doped film was heat treated at 1,673 K for 2 h.
The sample was cut into rectangular slices for Transmission

Electron Microscope (TEM); the abrasive cross section was
formed with an ion slicer.

Fig. 2 TEM image of the cross section of helium
precipitated CeO, thin film. The bright section
(the lower right of the figure) is the SrTiO; base.

Fig. 3 High-magnification image of field of view
[A] shown in Fig. 2.

As can be seen in Figs. 2 and 3, many gas bubbles are
seen in the cross section. The largest diameter of the gas
bubble is about 30 nm. It should be noted that the wall of
the gas bubble marked with allow shows facet structure.
However the shape is not complete polyhedron. We need
to advance this investigation related to growth of the facet
much more completely.

References

1) H. Serizawa et al., J. Asian Ceram. Soc. 1 (2013) 289.

2) H. Serizawa et al., Cryst. Growth Des. 13 (2013) 2815.

3) C. Muggelberg et al, Appl. Surf. Sci. 142 (1999) 124.
Grant-in-Aid for Young Scientists (B) 23760837.

_44_



JAEA-Review 2014-050

1-41

Electronic and Chemical Interaction of Energetic Platinum

Ions with Glassy Carbon Substrate

T. Yamaki ¥, S. Kato >, S. Yamamoto 2) T Hakoda ¥, K. Kawaguchi

T. Kobayash1

A. Suzuk1

and T. Teral ®)

% Environment and Industrial Materials Research Division, QuBS, JAEA,
b Department of Nuclear Engineering and Management, The University of Tokyo,
Department of Chemistry and Materials Technology, Kyoto Institute of Technology,
D Atomic Physics Laboratory, Advanced Science Institute, RIKEN

Synthesis of platinum (Pt) nanoparticles has been
intensively studied for their applications to polymer
electrolyte fuel cells.
to prepare Pt nanoparticles by ion implantation in a glassy
carbon (GC) substrate for the first time. This contribution
deals with a detailed investigation of the Pt implants in GC,
emphasizing the importance of electronic and chemical

Quite recently, we have been trying

interactions in determining the final properties of the
Such
important for us to precipitate Pt nanocrystal aggregates on

implanted layer. information would be very

GC by the subsequent electrochemical etching and thermal
treatment ).

The implantation of 100 keV Pt was performed at
nominal fluences up to 4 x 10'® jons/cm? in an IA1 chamber
at the TIARA 400-kV ion implanter?. Sample analysis
was performed mainly by transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS).

Figure 1 shows a cross-sectional TEM image and the
selected-area electron diffraction (SAED) pattern. The
TEM image revealed that no nanoparticle aggregation
occurred in the implanted layer at a depth of ca. 50 nm,
which agreed with the projected ion range calculated by a
SRIM code®. The SAED pattern exhibited only a diffuse
halo, indicating an amorphous structure in the Pt and GC
phases. The Pt implants would be well dispersed in the
atomic state, and not be aggregated to form Pt nanocrystals.

Figure 2 shows Pt 4f XPS spectra after argon-ion
sputtering for 150, 180 and 210 s. Interestingly, these
indicated the formation of Pt-C bonds, suggesting some
electronic interactions between Pt and the nearby carbon in

GC. The depth profiling XPS also enabled us to
understand the relationship between the Pt-C interactions
and local Pt concentration (results not shown).
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Fig. 2 Pt 4f XPS spectra after argon-ion sputtering for (a)
150, (b) 180 and (¢) 210 s.
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(a) Cross-sectional TEM image showing the distribution of the Pt implants in GC and (b) the
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An anion exchange membrane (AEM) is one of the key
materials for alkaline-type fuel cells (AEMFC), which have
potential advantages against proton exchange membrane
fuel cells (PEMFC). In the AEMFC, electrochemical
reactions are more facile than in acidic medium, and
non-precious metals such as nickel, cobalt and iron can

replace platinum as the catalyst " ?.

Because of high
temperature and strongly alkaline fuel cell operating
condition, it is desirable to develop alkaline durable AEMs.
In recent years, we have developed imidazolium-type AEMs
by radiation-induced grafting for AEMFCs, especially in
direct hydrazine fuel cells (DHFCs) and found that
poly(1-vinylimidazolium (VIm))-grafted and
copoly(VIm/styrene)-grafted AEMs (AEM1 and AEM2)
shows moderate alkaline stability; the AEMs degraded via the
initial f-elimination and following ring opening reactions of

the imidazolium unit>?.

Therefore, we synthesized the
AEM based on a poly(2-methyl-1-vinylimidazolium) grafts
by radiation- induced grafting to improve long-term stability
by suppressing f-elimination and ring opening reactions.
The poly(ethylene-co-tetrafluoroethylene) (ETFE) films
were irradiated with a ®Co p-ray source (JAEA Takasaki,
Gunma, Japan) at room temperature in argon atmosphere
with an absorbed dose of 50 kGy. The pre-irradiated ETFE
films were immediately immersed into the argon-purged
monomer solution consisting of 50 wt% 2-methyl-1-
vinylimidazole (MVIm) or a mixture of MVIm/stylene (8:2
weight ratio) in 1,4-dioxane. The imidazole groups in the
grafted-ETFE were N-alkylated using methyl iodide. The
resultant AEMs (an iodide form) were immersed in 1 M
NaHCO; solution at 60 °C for 24 h to convert into a HCOj5
form, followed by the ion-exchange reaction with OH™ in
1 M KOH solution at room temperature for 16 h to obtain
the anion forms of the AEMs (AEM3 and AEM4), as
shown in Fig. 1. The ionic conductivity was measured by
two-point probe AC impedance spectroscopy at 100%
The ion
exchange capacity (IEC) was measured using standard back

? Z“
N,
rray [~ Mel
o
©

ETFE on
AEM3: GD =36%, m = 100, n = 0

AEM4: GD =55%, m=42,n=58

relative humidity in N,-purged deionized water.

1) NaHCO,
2) KOH

Fig. 1  Reaction scheme, grafting-degree (GD), and
copolymerization ratio for AEM3 and AEM4.

titration methods.

The alkaline stability of AEMs was evaluated by
monitoring the change in conductivity of AEMs in 1 M
KOH at 80 °C. Figure 2 shows the conductivities of the
AEMs. The homopolymer-type AEM1 and AEM3
showed similar profiles in conductivity decreases, indicating
the dominant f-elimination at an initial stage for
homopolymer-type imidazolium grafts in the AEMs due to
the steric and electrostatic repulsions. Copolymer-type
AEM2, which had no 2-methyl group on the imidazolium
group, showed a slower degradation rate after the fast
decrease at the initial stage. Furthermore, copolymer-type
AEM4, which had 2-methyl group on the imidazolium
group, showed slower decreases at the initial stage and kept
excellent long-term stability with keeping the conductivity
The above results

strongly indicate that the introduction of methyl group at

of 12 mS cm™ after 600 h immersion.

2-position of imidazolium unit drastically enhances the
long-term durability in alkaline solutions at elevated
temperatures due to the resistance to nucleophilic attack for
the ring opening reactions of the imidazolium -cations.
Accordingly, the 2-methylimidazolium units in copolymer
grafts in AEMs are an promising anion exchange unit for
highly alkaline durable DHFCs.
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Fig. 2 The AEM conductivities after being immersed in
1 M KOH at 80 °C.
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Researchers have so far developed anion-exchange
membrane fuel cells (AEMFCs), which do not need
expensive platinum catalysts in the electrodes. Our recent
focus has been the preparation of new hydroxide
(OH)-conducting  membranes  for  applications to
“hydrazine-fueled” AEMFCs by radiation-induced grafting
method .

of poly(ethylene-co-tetrafluoroethylene) (ETFE) films and

Previously, we prepared the AEM consisting

anion conducting group containing graft-polymers by
radiation-induced  grafting. However, the alkaline
durability of the AEMs were still insufficient?. Thus, we
investigated here to the preparation of novel graft-type
AEMs from two aromatic hydrocarbon polymer substrates,
polyether ether ketone (PEEK) and poly(phenylene sulfide)
(PPS).

Figure 1 shows the preparation scheme of graft-type
AEMs by the radiation-induced grafting of vinylimidazole
(Vilm) subsequent
quaternization and ion exchange reactions (Fig. 1)%%.

into base polymer films and
We attempted two radiation-induced grafting methods;
pre-irradiation and simultaneous grafting methods. For
pre-irradiation method, 50 um-thick ETFE, PEEK and PPS
films were irradiated with °Co y-rays dose of 50 kGy and
then immersed in the Vilm/xylene 50/50 vol% solution
under Ar at 60 °C for 24 h. For a simultaneous grafting
method, those films were immersed in the Vilm/xylene
50/50 vol% solution and then irradiated with y-rays dose
rate of 10 kGy/h. The quaternization and anion exchange
reactions of the grafted films were conducted in
1-iodopropane at 95 °C for 24 hand in a 1 M KOH solution
at room temperature for 6 h, respectively.

By the pre-irradiation grafting, the grafting degree of
PEEK and PPS, hardly proceeded (< 5%). In contrast, as
shown in Fig. 2, which shows the grafting degree of Vilm vs.
reaction time of simultaneous grafting, simultaneous
grafting of Vilm into PPS and PEEK films proceeded and
give poly(Vilm)-grafted PPS and PEEK with grafting
of 42% and 40%, respectively. By the
quaternization and ion exchange reactions, the
poly(Vilm)-grafted PPS and PEEK films were converted to
the PPS- and PEEK-AEMs, which
conductivities of 17.4 and 9.0 mS/cm, respectively.

By taking advantage of the simultaneous grafting method,

degrees

showed ion

we successfully prepared the graft-type AEMs consisting of
aromatic hydrocarbon base polymers with moderate ionic
conductivity.
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Fig. 1 Preparation scheme for graft-type AEMs.
(a) Radiation-induced graft polymerization of Vilm into
base polymer films and subsequent quaternization of the
poly(Vilm) grafts. (b) Chemical structures of base
polymers; PEEK and PPS.
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A uniform-beam formation/irradiation system using
multipole magnets has been developed on the LB course of
the TIARA cyclotron”. For the evaluation of the beam
uniformity, the relative intensity distribution is obtained
from the optical density of a radiochromic film (Gafchromic
HD-810, Ashland Inc). In our previous reports, the
absolute particle fluence distribution was microscopically
track-etching technique, and the
uniformity was in good agreement with that obtained from
the Gafchromic film*?. These results demonstrated that
our uniform-beam system would give a useful technique for
mass production and industrial materials. We have focused
on poly(vinylidene fluoride) (PVDF, (CH,CF,),), one of
fluoropolymers, because it has excellent properties as
super-engineering plastic materials. This report deals with
the chemical effect in PVDF films irradiated by our
uniform-beam system.

Commercially-available PVDF films (25 pm in thickness)
were irradiated in an oxygen atmosphere with a 520-MeV
“Ar uniform beam using our system. The beam was

revealed using the

extracted through a 30 pm-thick Ti foil window to reach the
sample; the kinetic energy on the sample surface was
estimated to be approximately 330 MeV by a SRIM code.
For comparison, PVDF films were also irradiated in vacuum
with 330 MeV “°Ar scan beam using a conventional system
on the LD course®. The fluence was fixed at 6.0 x
10" ions/cm®.  Fourier transform infrared (FT-IR) analysis
was then performed in the transmission mode.

Figure 1 shows the FT-IR spectra of pristine and
irradiated PVDF films. The irradiation in the two different
ways gave spectra (a) and (b). The 1,754 and 1,712 cm’!
bands are attributed to -CF,-HC=CF, and -HC=CF-
produced by chain scission and dehydrofluorination,
respectively *¥.  The broad bands in the OH absorption
region (3,660-3,480 cm’l) are assigned to -CF,-CF,OH
(3,650 cm'), -CF,-CHOH-CF» (3,620 cm’') and
-CF,-CH,0O0H (3,540 cm’l). The formation of -CH,COF
can also be suggested by the 1,850 cm” band®. The
difference spectra between (a) and (b) exhibited the
absorption bands from oxygen-containing functional groups,
indicating that the post-irradiation oxidation effect appeared
more prominent for (a). It is well known that oxidation of
jon tracks accelerates the etching rate ®, and so the
irradiation in oxygen using our uniform-beam system would
promise to develop a rapid track-etching process. The
investigation in this regard is now in progress. We believe
that it is very important not only for future possible

applications of the TIARA cyclotron but also for scientific
or technical breakthrough in materials development using
nanotechnology.

This work was supported by competitive research funds
of JAEA in 2013.
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Fig. 1 FT-IR spectra of pristine and irradiated PVDF films
by (a) our uniform-beam system and (b) a conventional
scan-beam system, respectively. The dotted lines are
difference spectra which subtracted (b) from (a).
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Living Graft Polymerization
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For the commercialization of fuel cells the development
of polymer electrolyte membrane (PEM) showing two
properties, conductivity and
mechanical strength at high temperatures under low
(<30%RH) and high humidity (> 90%RH), respectively.
It has been reported that the nano-ion channels work

superior high proton

efficiently for high proton conductivity under low humidity
and block-type structure consisting of hydrophobic and
hydrophilic form

polymers can be expected to

well-organized continuous proton channels”. Thus, we
have attempted the preparation of graft-type PEMs with
hydrophobic and hydrophilic (ion-conducting) block-type
graft-polymers by the combination of radiation-induced
graft polymerization (RIGP) and atom transfer radical
polymerization (ATRP) (Fig. 1). We previously reported
the ethylene tetracthylene copolymer (ETFE)-based block-
type PEMs prepared by RIGP/ATRP method?. Thus, we
challenged the preparation of the RIGP/ATRP-PEMs using
aromatic hydrocarbon polymer, poly (ether ether ketone)
(PEEK), because the conventional graft-type PEEK-PEMs
show both high conductivity and mechanical properties.

RIGP of chloromethylstyrene (CMS) was conducted
by the ®’Co y-rays irradiation of PEEK films (crystallinity:
11%) with 50 kGy, followed by the immersion in 50 wt%
CMS in 1,4-dioxane (DOX) at 40 °C for 3 h to obtain
CMS-grafted PEEK films (PEEK-g-CMS) with GD(grafting
degree) of 2.3%.  Next, ATRP of the PEEK-g-CMS were
conducted in the ETSS solutions with 0.04 M CuBr and
0.08 M NN, N’,N’,N’-pentamethyldiethylenetriamine
(PMDETA) as a catalyst as a previously reported®. The
ATRP of ETSS hardly progressed in DOX (GDs<10%),
whereas it proceeded in acetonitrile to give the
ATRP-grafted PEEK with a GD of 38% for 48 h.

When we replaced the ligand from PMDETA to
Tris(2-pyridylmethyl) amine (TPMA) (CuBr:TPMA =
0.02:0.04 M), the ATRP of ETSS for PEEK-g-CMS in
acetonitrile at 50 °C showed much higher polymerization
rates to give the ATRP-grafted PEEK with a higher GD
than  1,900%. Finally, by reducing the catalyst
concentration (CuBr:TPMA 0.0032: 0.0064 M), the GD of
ETSS in ATRP was controlled as a moderate value (186%)

(Fig. 2).
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Proton Conductivity of Novel Polymer Electrolyte

Membranes Prepared by RIGP and ATRP
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Polymer electrolyte membrane (PEM) fuel cells are
expected as a promising power source for residential
cogeneration, automobiles and mobile electric devices.
A PEM, which transports protons from an anode to a
cathode, is one of vital components in a fuel cell
Currently, perfluorinated PEMs such as Nafion™ is the most
widely used PEM. However, the perfluorinated PEMs
have the drawback: the proton conductivity, 6, dramatically
decreases under the high temperature and low humidity
condition. Therefore, many efforts have been devoted to
develop alternative PEMs having higher .

Quite recently, our group successfully synthesized the
novel PEMs by combination of radiation induced grafting
polymerization (RIGP) and atom transfer radical
polymerization (ATRP)". At the first RIGP step, the base
ethylene-co-tetrafluoroethylene (ETFE) film was irradiated
with 15-kGy y-rays, and then comonomers of styrene (St)
and chloromethylstyrene (CMS) was grafted into the ETFE
at 60 °C. At the second ATRP step, ethylstyrenesulfonate
(ETSS) was grafted at 50 °C with CuBr and N,N,N',N",N"-
pentamethyl-diethylenetriamine as a catalyst and ligand,
respectively.  Finally, the grafted ETFE films were
transformed to a PEM by the hydrolysis of ETSS.

For RIGP, the degree of St/CMS grafting (DOG;)
increased from 23 to 68% by changing the reaction time
from 0.5 to 12 h. For the next ATRP, the films with DOG;
of 60-65% were used. The degree of ETSS grafting
increased from 9.3 to 170% for grafting time of 1-8 h. For
hydrolysis, when the ETSS-grafted films were immersed in
purified water at 95 °C, the ion exchange capacity (IEC) of
the obtained PEMs was far lower than the theoretical IEC.
The lower IEC would result from the degradation of the
PEMs by the swelling induced detachment of ETSS graft
chains®. Thus, the hydrolysis temperature was set at 80 °C,
at which no degradation was observed.

The o of the PEMs was measured by a two-probe AC
impedance technique at the temperature of 80 °C and
relative humidity of 30%. Figure 1 shows the ¢ as a
function of IEC. The o of Nafion and the conventional
PEMs, which were prepared by RIGP of ETSS into ETFE
films and hydrolysis of ETSS units, were plotted in Fig. 1
The o of the RIGP/ATRP-PEMs
increased with the IEC, and reached the maximum value of

for the reference.

0.011 S/cm at 2.6 meq/g, being comparable to the ¢ of
Nafion.
According to the Nernst-Einstein equation, the o is
expressed by:
6 =CpDpZ® F*/RT, )
where Cp is the proton concentration of the PEMs, Dy is the

diffusion coefficient of protons, Z is the valence number of
protons, F is the Faraday constant, R is the gas constant, and
T is temperature. Equation (1) means that the o is
determined by the two factors: Cp and Dp.  Therefore, the o
of the PEMs were re-plotted as a function of the Cp, instead
of the IEC. The o of the RIGP/ATRP-PEMs was higher
than the corresponding o of the conventional RIGP ones
even at the same Cp (Fig.2). This result indicates that the
RIGP/ATRP-PEMs exhibit the higher Dp, which may be
related to their peculiar morphology of the block-type
of  poly(St(CMS))
poly(styrenesulfonic acid). Our future work is to
investigate the detailed structures of the RIGP/ATRP-PEMs

for elucidation of the

graft-copolymers  consisting and

superior proton conduction

mechanism.
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Ion-track Grafting of Vinylbenzyl Chloride into

Poly(ethylene-co-tetrafluoroethylene) Films: Effect of
Different Grafting Media
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Our research focus is the preparation of anion exchange
membranes for fuel cells by a direct ion-track grafting,
which has so far been applied to the development of cation
exchange membranes V. This grafting method involves
irradiation of a base polymer film with swift heavy ions and
the subsequent graft polymerization directly into the latent
tracks. Anion-exchange functional groups were introduced
by the grafting of a vinylbenzyl chloride (VBC) monomer
into a poly(ethylene-co-tetrafluoroethylene) (ETFE) film
and quaternization of the grafted polymer chains?. A key
for success here is to obtain as high graft levels as possible
(for higher conductivity) in a small number of tracks (for
improving other membrane properties). To this end,
therefore, the effect of reaction media was investigated
toward optimization of the grafting conditions.

Twenty-five-um-thick ETFE films were irradiated in a
vacuum chamber of the LD beamline with 560 MeV '*Xe at
different fluences. In order to maintain their initiation sites,
the irradiated films were then stored in air at —80 °C until
just before the grafting. The grafting was performed by
immersing the irradiated ETFE films in a mixture of water
(H,0O) and isopropyl alcohol (iPrOH) containing 20 vol%
VBC at 60 °C. The volume ratio of H,O in the grafting
media was varied from O to 1.0. The graft level or degree
of grafting (DG) was calculated by 100(W,~ W;)/W, where
W, and W, are the weights of the film before and after the
grafting, respectively.

Figure 1 shows the DGs obtained as a function of time at
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Fig. 1 Degree of grafting as a function of time at fluences
of (a) 3 x 10% (b) 6 x10°%, (c) 1% 10°, and (d) 3 X
10° ions/cm®.  The grafting medium was an H,O/iPrOH
mixture at an H,O ratio of 0.5.

fluences of 3% 10%, 6x10%, 1x10° and 3% 10° ions/cm?
The grafting medium was an H,O/iPrOH mixture at an H,O
ratio of 0.5. The higher DGs at higher fluences would be
reasonable as the number of the initiators for the graft
polymerization, i.e., alkyl radicals (-C%), their oxidized
radicals (-COO®), and stabilized peroxide compounds
(-COOH, -COOR), also increases with the fluence .

Figure 2 shows the DGs obtained at a reaction time of
24 h as a function of H,O ratio. A fluence was fixed here
at 3x10° ions/cm®.  When the H,O ratio was zero, the DG
exhibited a minimum, indicating the necessity of adding
water to the grafting medium. The DG was enhanced by
the addition of water and reached a maximum at a H,O ratio
of 1.0. We found that the poor-solvent system of
H,0/iPrOH could boost the reactivity of the VBC grafting
very effectively. This is possibly because the formation of
homopolymers was hindered in polar media, and thus a graft
polymerization rate increased *.
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Radiation-grafted Membrane in HIx Solution
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Hydrogen production thermochemical water-splitting
lodine-Sulfur (IS) process V' is the promising chemical
process for the future hydrogen system. In the IS process,
a new cation-exchange membrane prepared by the
radiation-induced graft polymerization method has been
applied to the electro-electrodialysis (EED) in order to
enrich hydrogen iodide (HI) in HI-I,-H,O mixture (HIx
solution)*¥.  Our particular interest would be in how the
proton conductivity (o) of the membrane immersed in the
HIx solution changes at different HI concentrations from the
standpoint of design requirements for the overall efficient IS
Thus, we evaluated here the dependence of o on
the HI concentration experimentally for a styrene
(St)-grafted and sulfonated poly(ethylene-co-
tetrafluoroethylene) (ETFE-St) membrane. Based on our
unique EED model?, the relationship between o and the
important membrane properties was also taken into account.

The ETFE-St membrane was prepared by the *’Co y-ray
pre-irradiation of the ETFE film, the graft polymerization of
St, and sulfonation. Its ion exchange capacity (IEC) and
thickness were 1.1 mmol/g and 57 um, respectively. The o
value measured using a filter-press type EED cell, to which
a direct current of 200 mA/cm® was supplied at 373 K.
The HI concentration in the feeding HIx solution was varied
in 7, 10, 12 or 13 mol/kg while an I,/HI molar ratio was
fixed at 1.

Figure 1 shows the variation of o as a function of HI
molality in the feeding HIx solution. The o value appeared
to decrease with an increase in the HI molality. This
means that the ions’ permeation can be interfered at higher
HI concentrations.

The EED model® describes the transport of H and T
through ion exchange membrane immersed in the HIx

process.

solution using the Nernst-Planck equation, and so o is given
by:

id F?

o=—=

E TRV,
where i [A/m?], d [m], E [V], t. [-], T [K], R [J/mol-K],
F [C/mol], V, [m*/kg], n; [mol/kg] and D; [m?%s] denote
current density, thickness, cell voltage, transport number,

(D,n, +D,n,)> (O

temperature, gas constant, Faraday constant, volume per dry
membrane weight, content of i (H" and I') component per
dry membrane weight and diffusion coefficient of i
component, respectively.

According to Eq. (1), D; can be calculated from the
measured and the previously-reported values®.
shows the calculated D; as a function of HI molality.

Figure 2

The Dy, value decreased with an increase in the HI molality,
whereas D
exchangeable in the ETFE-St membrane, ny. is always

increased. Because only cations are
much larger than n,.; we previously found both of n, and n;.
almost stable irrespective of the HI molality”. Therefore,
the HI-molality dependence of Dy, could govern that of o
In other words, o is likely to become higher as the H"
diffusivity in the membrane is enhanced.
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Thermochemical water splitting IS process is one of the
hydrogen production methods. Hydrogen and oxygen are
obtained from water through this process by using iodine
and sulfur as catalysts in the Bunsen reaction (I, + SO, +
H,0 —2HI + H,SO,). However, the amount of recycling
I, must be reduced to improve the total thermal efficiency".
In order to reduce I, in the Bunsen reaction, the reaction was
conducted by using a cation exchange membrane 2.
A main problem here was found to be SO, permeation
through the membrane. The permeation of SO, might
accompany that of water in the membrane. Thus, cation
exchange membranes for the Bunsen reaction need an ability
to suppress water permeation. In this report, cation
exchange membranes were prepared by a radiation-graft
polymerization method ¥.  The effect of crosslinking
structures in the graft chain was evaluated in terms of water
permeation in pervaporation (PV).

A poly(ethylene-co-tetrafluoroethylene) substrate (Asahi
Glass Co., ¢ 50 um) was irradiated with ®Co y-rays in Ar
followed by graft polymerization and sulfonation. The
irradiation period was 1 h at a dose rate of 15 kGy h'.  The
irradiated film was immersed in a monomer solution
containing 95/5 vol% styrene/divinylbenzene (DVB) in
toluene at 60 °C. The grafted film was sulfonated in the
solution of chlorosulfonic acid at 50 °C. A water uptake
and ion exchange capacity (IEC) were obtained in the
established procedure®. Water permeation was measured
by a PV method at 25 or 60 °C.

Figure 1 shows the water flux through the membranes
plotted as a function of water uptake. The water flux
increased with increasing the water uptake.
membranes prepared by styrene grafting with or without
DVB and Nafion 212 possessed a similar water uptake of
approximately 40%, and are used for comparison. The
membrane grafted without DVB (referred to as a non-DVB
membrane) and Nafion 212 had a water flux of
>16 kg m™* h™' while, in contrast, the membrane grafted with
DVB (referred to as a DVB membrane) exhibited
7.5kgm?>h'. The water permeation can be suppressed by
adding DVB as a crosslinking agent.

Figure 2 shows the diffusion coefficients through the
membranes assuming that the water uptake would be
constant between 25 and 60 °C. The activation energies of
the diffusion coefficients were 3.4, 5.6, and 16 kJ mol™! for
Nafion 212, the non-DVB and the DVB membranes,
respectively. The activation energy increased with
decreasing the water flux. The activation energy for the

Two

DVB membrane was about three times higher than that of
the non-DVB membrane. These demonstrate that the DVB
crosslinking would suppress the water diffusion in the
membrane.

In conclusion, the membrane grafted with 95/5 vol%
styrene/DVB showed lower water permeation with its IEC
maintained. A water flux was as low as 7.5 kg m™ h™! even
at a high IEC of 2 mmol g™,

References

1) S. Kasahara et al., J. Chem. Eng. Jpn. 36 (2003) 887.
2) M. Nomura et al., AIChE J. 50 (2004) 1991.
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Durability of Grafted Fibrous Catalyst for

Biodiesel Fuel Production

Y. Ueki, S. Saiki and N. Seko

Environment and Industrial Materials Research Division, QuBS, JAEA

Grafted fibrous polymer has been attracting attention as a
sophisticated adsorbent because its adsorption rate is
10-100 times higher than that of a commercial granular
Recently, we found that the grafted fibrous polymer
could function as a highly-efficient heterogeneous basic
catalyst for biodiesel fuel (BDF) production”. Durability
and regeneration evaluation of the grafted fibrous catalyst
(GFC) are important issues in order to achieve the practical
use of GFC. The objective of this study is to investigate
the durability of the GFC and to establish the regeneration
process of the deactivated GFC.

The durability of the GFC was evaluated through the
batch-wise transesterification of triglyceride (TG) in ethanol
(EtOH) at 50 °C.  The quaternary ammonium group density
of the GFC was 3.6 mmol/g-catalyst, the molar ratio of TG
to EtOH was fixed at 1:200, and the detailed transesterifi-
cation procedures were described in our previous paper".
After each transesterification, the GFC was removed from
the reaction solution, and the GFC was only washed with
EtOH for the next run.

As shown in Fig. 1, the relative catalytic activity of the
GFC gradually decreased with increasing number of
transesterifications. In this study, the relative catalytic
activity was defined as the ratio of the catalytic activity of
each transesterification to the initial catalytic activity.
There are two main reasons why this decay of catalytic
activity is occurred: one is the removal of OH™ ions from the
GFC, and the other one is a contamination of the quaternary
ammonium groups by free fatty acid (FFA) anions, which
are catalytically inactive. ~FFA anions were generated
during the transesterification process by a direct
ion-exchange reaction of the OH™ ions, which were
immobilized onto the graft chains, with the fatty acid groups
in the TG. In the presence of FFA anions, the counter ion
of the quaternary ammonium group that was introduced into
the graft chain is easily replaced with an FFA anion instead
of the OH ion. Additionally, the rate of decrease of the
catalytic activity was not steady: a rapid decrease was
observed after the 8 time wusage and subsequent
transesterifications. At the 11" transesterification, the
catalytic activity of the GFC was almost lost; thus, the
conversion ratio of TG to BDF only reached 9%, even after
24 h of transesterification.

Next, in order to discuss the effect of the regeneration
process on the catalytic activity, the deactivated GFC was
treated with various combinations of the following three
treatments: (Step 1) a washing with 0.25 M citric acid
solution (solvent: EtOH) to desorb the FFA anions that
cover the active sites, i.e., the quaternary ammonium groups,

resin.

of the GFC, (Step 2) a regenerating with 1 M NaOH
aqueous solution to replace the citric acid ions, which
formed ionic bonds with the quaternary ammonium groups,
with OH" ions and washing with deionized water, and (Step
3) a washing with EtOH to restore the initial swelled
condition. When the deactivated GFC was treated with
citric acid and EtOH (regeneration process: Step 1 and 3)
and that was treated with only EtOH (regeneration process:
Step 3), the catalytic activities of each GFC did not recover
at all. The conversion ratios of each GFC were almost zero,
even after 24 h of transesterification. When the deactivated
GFC was treated with NaOH and EtOH (regeneration
process: Step 2 and 3), the catalytic activity of the GFC
partially recovered: the conversion ratio after 1 h of
transesterification was 25%, which is equivalent to about
one-fourth of the initial performance (90% after 1 h of
transesterification).  Also, the transesterification almost
stopped after 4 h, and the conversion ratio after 4 h was
about 43%. However, when the deactivated GFC was
treated with all three steps (regeneration process: Step 1, 2
and 3), the catalytic activity of the GFC almost completely
recovered to its initial catalytic activity, as shown in Fig. 1.
The transesterification times required to convert 90% of the
initial TG into BDF were 0.99 and 0.99 h for the 1% and 12™
transesterifications, respectively. The conversion ratio and
transesterification rate of the regenerated GFC almost
overlapped with those of the unused GFC. Additionally,
the regenerated GFC did not suffer significant physical or
chemical damage, even after several transesterification-
regeneration cycles. Based on the above results, it was
found that the GFC had sufficiently durability, and
furthermore the GFC could be used repeatedly by treatment
with the three sequential regeneration processes, which
involved organic acid, alkali and alcohol treatments.

Reference
1) Y. Uekietal., Int. J. Org. Chem., 1(2) (2011) 20-25.
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Synthesis of Highly-selective Adsorbent Containing

2-Ethylhexyl Hydrogen 2-Ethylhexylphosphonate
for Scandium Adsorption

H. Hoshina, Y. Ueki, S. Saiki and N. Seko

Environment and Industrial Materials Research Division, QuBS, JAEA

Scandium (Sc) has been used for a fuel-cell electrolyte
and a metal halide lamp. Even though a demand for Sc is
increasing in recent years, it is difficult to ensure Sc,
because Sc is produced as a byproduct of tungsten and
uranium refining”. To ensure a stable supply of Sc, new
supply method and resource are required. Therefore,
recovering Sc with a fibrous graft adsorbent from hot spring
water, which contains Sc at a low concentration, has been
investigated ?.

2-ethylhexyl hydrogen 2-ethylhexylphosphonate (EHEP)
is a superior metal extractant and has a high affinity for Sc
If EHEP can be introduced on
a polymeric material without any loss of its performances, it
is possible to use as a highly selective adsorbent for Sc.

In this study, the adsorbent for Sc was prepared by
radiation-induced  graft polymerization of dodecyl
methacrylate (DMA), and subsequent introduction of EHEP
as a functional

especially in acid solutions.

group by hydrophobic interaction.
Furthermore, the adsorption performance for Sc was
investigated with an aqueous solution containing Sc and Fe.

A non-woven fabric composed of polyethylene coated
polypropylene was used as a base material for the adsorbent
for Sc recovery. The base fabric was irradiated at the
maximum 500 kGy with an electron beam at a beam energy
of 2 MeV and a current of 3 mA. The irradiated fabric was
contacted with a deoxidized monomer solution, which was a
mix of DMA, Tween 20, and pure water, at 60 °C for
6 hours. The concentrations of DMA and Tween 20 in the
solution were 20% and 2%, respectively. The degree of
grafting (Dg) was calculated by the following equation;

Dg [%] = (W-Wo)/Wox100,

where W, and W; were the weight of fabrics before and after
graft polymerization.
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Fig. 1 Effect of the absorbed dose on degree of grafting.

The effect of the absorbed dose on the Dg was shown in
Fig. 1. The Dg increased with increment of the absorbed
dose, and reached 120% at 500 kGy. The grafted fiber
with Dg of 120% was chemically reacted by EHEP, which
was used without diluting, for 12 hours at room temperature.
The density of EHEP group was 1.0 mmol/g. The batch
adsorption tests of Sc were carried out with an aqueous
solution in the presence of Sc and Fe of 1 mg/L. The
adsorbents were cut into approximately 7 mg and soaked in
the 50 mL of Sc and Fe solution for 12 hours at room
To know the effect of pH on Sc adsorption,
the solutions were adjusted in the pH range from 0 to 3.
After adsorption tests the adsorption ratio was calculated by
the following equation,

Adsorption ratio [%] = (Cy- C;) / Cy x 100,
where C, and C; were the concentration of the Sc and Fe in
solution before and after adsorption tests, respectively.

As a result, the developed new adsorbent had a high
adsorption ratio more than 98% at the pH of 0 and 1 as
On the other hand, the adsorption ratio of Fe
was affected on pH, and reached 2.8% at pH 0. As a result,
it was found that the adsorbent of EHEP could recover Sc
The
adsorbent of EHEP is expected to be applied for Sc recovery
from hot spring water.

temperature.

shown Fig. 2.

selectively from strongly acidic water media.
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Decontamination of Leaching Water from Contaminated

Plant Wastes

S. Saiki, T. Shibata, H. Hoshina, Y. Ueki, N. Kasai and N. Seko

Environment and Industrial Materials Research Unit, QuBS, JAEA

In 2011, the accidents of Fukushima Daiichi Nuclear
Power Plant spread a large amount of radioactive species to
surrounding circumstances around Fukushima Prefecture,

Japan. To recover and ensure living environment at
contaminated areas where people had ever lived,
decontamination works has been executed promptly. With

the progress of decontamination works, a lot of
radioactively-contaminated wastes has been produced
continuously at contaminated areas, and has been piled up at
temporary storage sites. At some temporary storage sites,
it was found that leaching water was accumulated under
stacks of flexible container bags contaminated “plant”
wastes such as branches, leaves and grasses and that the
solution contained radioactive cesium. When these wastes
will be transferred to interim storage facility in near future,
the contaminated solution should be handled properly. In
this topic, decontamination method of the leaching water
with cesium adsorbents synthesized by radiation-induced
graft polymerization was studied for handling the leaching
water.

Cesium adsorbents were synthesized with immobilization
of ammonium molybdophosphate on polyethylene
/polypropylene nonwoven fabric by radiation-induced
grafting method"”. The nonwoven fabric irradiated with
2 MeV electron beam with the dose of 50 kGy at Takasaki
Advanced Radiation Research Institute, JAEA, was soaked
into a monomer solution under reduced pressure, which was
mixed with glycidyl methacrylate, dimethyl sulfoxide, tween
80 and crosslinking agents. The grafting reaction
proceeded at 40 °C for 2 hours, and the grafted samples
taken out of the solution were rinsed and dried in vacuum
oven.

Fig. 1 Cesium radioactivity concentration of neat leaching
water, filtrated solution through 0.45 pm membrane
filter, and solution after cesium removal with grafted
cesium adsorbents.

Before the batch adsorption test, the leaching water was
filtrated by 0.45 um membrane filter to separate insoluble
components. Radioactivity concentration of the filtrated
solution was almost the same as neat solution as shown in
Fig. 1.
dissolved state.

At a batch cesium adsorption test, cesium adsorbents cut
into 1 cm square were put into the leaching water with a
weight ratio of 1:150 (adsorbent : solution) in a plastic bottle,
which was shaken for 12 hours at room temperature. Then,
the solution was transferred to U-8 type plastic container
and radioactivity concentration of radioactive cesium
(**Cs+'¥7Cs) was measured by germanium semiconductor
detector (SEIKO EG&G Co., Ltd). As a result of the batch
adsorption test, 75% of radioactive cesium was succeeded to
be removed.

In addition, to lower radioactivity concentration of the
leaching water by the adsorbents, repeat
decontamination tests were examined. As well as above
batch tests, cesium adsorbents were put into the leaching
water with a weight ratio of 1:100 (adsorbent:solution) in a
plastic bottle, which was shaken for 4 hours at room
temperature. The removal process repeated three times,
and radioactivity concentration after each removal process
was shown as Fig. 2. After three times of removal process
repeats, 97% of radioactive cesium could be removed.

These results showed that the leaching water could be
decontaminated and the grafted cesium adsorbents were
effective for the decontamination.

This means that cesium exists in the solution at

cesium

Reference
1) A. Iwanade et al., J. Radioanal. Nucl. Chem. 293 (2012)
703-09.
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Fig. 2 Results of repeat decontamination tests by grafted
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Development of Cs Adsorbent Synthesized by Radiation-

induced Graft Polymerization for Drinking Water

T. Shibata, N. Seko, H. Amada, N. Kasai, S. Saiki, H. Hoshina and Y. Ueki

Environment and Industrial Materials Research Division, QuBS, JAEA

One of the important tasks for recovery of the disaster
area by the accident of the Fukushima Daiichi Nuclear
Power Plant is to secure safety life water. More than three
years has passed since the accident, a most of dissolved
radioisotopes such as **Cs and '*’Cs were not detected in
In the case of detected, the
concentration of it below than 10 Bg/L which is the
guideline for drinking water. However, there are some
residents of the disaster area having uneasiness for water
supply. Based on this background, we have developed Cs
adsorbent for applicable to drinking water.

The Cs adsorbent has been
radiation-induced graft polymerization. The adsorbent was
synthesized by following procedures; 1) polyethylene
nonwoven fabric (NF) was irradiated with 50 kGy by
electron beam or ®°Co y-rays in N, atmosphere at dry ice
temperature, 2) the irradiated NF was grafted with a
monomer composed of 10 wt% glycidyl methacrylate
(GMA), 90 wt% dimethyl sulfoxide, 0.8 wt% Tween 80, 0.4
mol% ammonium 12-molybdophosphate (AMP) against for
GMA concentration. To stabilize the loaded AMP in the
adsorbent, kinds of polyethylene glycol
dimethacrylate (PEGDM) or triallyl isocyanurate as the
crosslinking reagent were mixed with the monomer solution
at 40 °C for 2 or 3 h. The previous report showed that the
crosslinked adsorbent synthesized by 1 mol% of 9G (G:
dimethacrylate) type of PEGDM had not only high stability
of the loaded AMP but also high adsorptivety for Cs, and
satisfied the Food Sanitation Act".

The efficiency of performance was
investigated by batch and column adsorption test. The
batch adsorption test that the adsorbent cut into 1 cm®
(0.02 g) was immersed in 50 mL of 1 or 50 pg/L Cs solution
and stirred for 24 h. Figure 1 shows the results of pH
dependency in batch adsorption test which carried out by
50 pg/L Cs solution in the pH range from 3 to 9 for
evaluation adaptively to various contaminated water. More
than 60% of Cs was adsorbed in the all of pH range, and
desorption of AMP moiety was less than 3% in the pH range
from 5.8 to 8.6 for drinking water standard. AMP stability
was evaluated by monitoring of molybdenum (Mo)
concentration. Table 1 shows the results of Cs selectivity
in batch adsorption test which carried out by 1 pg/L Cs
solution added 1 mg/L of K, Ca, Mg and Na for evaluation
adaptively to stream water used as life water. The
developed fibrous adsorbent collected only Cs without any
The column adsorption were carried out
1 pug/L Cs solution at the flow rate of 1.3 mL/min (SV; space
velocity: 400 h™") which packed the adsorbent with diameter

the environment water.

developed by

various

adsorbent

coexistence ions.

of 7 mm and height of 5 mm (0.2 cm®). The breakthrough
point (BP) that determined 0.05 at C/C, [C: influent of Cs
(ng/L), Cy: effuent of Cs (nug/L)] was 2,650 bed volume
(Fig. 2), and the Cs adsorption capacity at BP was
1.4 mmol-Cs/kg-adsorbent.

Reference
1) T. Shibata et al., JAEA Takasaki Annu. Rep. 2012
JAEA-Review 2013-059 (2014) 55.
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Fig. 1 pH dependency in batch adsorption test.

Table 1 Cs selectivity in batch adsorption test.
Cs K Ca Mg Na
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Fig. 2 Breakthrough curve in column adsorption test.
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Development and Practical Use of Grafted Filter for

Removal of Contaminative Metal Ions

T. Mikami ¥, T. Hosoe ®, S. Muraki ¥, M. Nakano ®, T. Takeda ®, T. Nishino ?,
N. Chikaishi ® and N. Seko ”

% Kurashiki Textile Manufacturing. Co., Ltd,
® Environment and Industrial Material Research Division, QuBS, JAEA

The filtration media to remove metal ions dissolving in liquids has developed by radiation graft polymerization
technology. In this study, various function groups were grafted onto nonwoven fabrics to be liquid filtration media. The
media can rapidly adsorb metal ions dissolving in ultrapure water, various kind of enchant and organic solvents used in

semi-conductor production.

concentration level, i.e. analytical detection limit (< ppb).

The performance is featured particularly when applied to purify such liquid into extremely low
Based on the performance results, the filtration media is

processed into a type of cartridge and capsule unit for practical application.
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Application Study of EB Grafted Water Seal Rubber in

order to Improve Drive Efficiency of Water Feed Pump

H. Saito ¥, N. Mizote ¥, Y. Ueki ® and N. Seko ?

a)\ re .
Mitsuba Corporation,
® Environment and Industrial Materials Research Division, QuBS, JAEA

A hydrophilic monomer (methacrylic acid: MAA) was grafted on a water seal rubber by simultaneous radiation grafting

followed by alkali treatment.

We measured the friction coefficient of the grafted water seal rubber.

From the measurement

results, it was found that friction coefficient decreased significantly due to the grafting, compared to the initial rubber.

Consequently, the drive efficiency of a water feed pump improved by means of applying the grafted water seal rubber.
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Reference
1) H. Saito et al., JAEA Takasaki Annu. Rep. 2011

JAEA-Review 2012-046 (2013) 45.

Fig. 1 Schematic of water circulation system by water
pump.

Fig. 2 Influence on a coefficient of friction by grafting.

Fig. 3 Side cross-sectional view of a water seal rubber.
(A) initial rubber, (B) grafted rubber.
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Dose Response of Polymer Gel Dosimeters Based on

Radiation-crosslinked Hydroxypropyl Cellulose Gels

A. Hiroki ¥, S. Yamashita”, A. Kimura ?, N. Nagasawa * and M. Taguchi ¥

%) Environment and Industrial Materials Research Division, QuBS, JAEA,
® School of Engineering, The University of Tokyo

Polymer gel dosimeters consisting of some monomers
with gel matrix are drawing attention as a tool of
The
monomers are polymerized by irradiation to form polymers,
which in turn aggregate in the gel matrix, increasing the
optical density of the gel. Absorbed dose in the gel is
estimated by measuring the optical density. Recently, new
polymer gel dosimeters consisting of 2-hydroxyethyl
methacrylate (HEMA) and 9G as less toxic monomers and
tetrakis (hydroxymethyl) phosphonium chloride (THPC) as
an antioxidant with radiation-crosslinked hydroxypropyl
cellulose (HPC) gel have been reported®>®. The dosimeters
became cloudy at 2 Gy with y-irradiation and absorbance
increased approximately linearly with an increase in the
dose up to 10 Gy. The dose response depended on the
composition ratio between HEMA and 9G. In this work,
effects of THPC concentration and dose rate on the dose
response of the dosimeters were investigated.

HPC was dissolved in ultrapure water at 20 wt%. HPC
aqueous solution as a paste-state was formed to 1.0 mm
thickness by pressing, and was irradiated to a dose of

three-dimensional dose distribution measurement V.

10 kGy with electron beam to obtain the HPC gel membrane.

The HPC gel membranes were washed with distilled water
to remove uncrosslinked HPC, and then dried. The dried
gels were immersed into aqueous monomer solutions that
consist of 2 wt% HEMA, 3 wt% 9G, and 0.08-0.24 wt%
THPC. The swollen gels were vacuum-packed to obtain
The prepared samples were
irradiated up to 2 Gy by using a ®Co y-ray source. Dose
rate was adjusted by varying the distance between the
The irradiated dosimeters were

polymer gel dosimeters.

samples and the source.
optically analyzed by using an UV-Vis spectrophotometer.
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Fig. 1 Effect of the dose on the absorbance of the polymer

gel dosimeters consisting of HEMA, 9G, and THPC.
THPC concentrations are 0.08 wt% (A), 0.16 wt% (B),
and 0.24 wt% (C), respectively.

The EB- and y-irradiations were carried out using Cockcroft
Walton electron accelerator and “°Co sources at Takasaki
Advanced Radiation Research Institute, JAEA, respectively.
Figure 1 shows absorbance of the polymer gel dosimeters
with various THPC concentrations as a function of dose.
The absorbance of the polymer gel dosimeters at 660 nm
Dose response defined as
the increment in absorbance per unit dose increased with an
increase in THPC concentration, reached about
0.06 Abs. Gy' at the dosimeter with 0.24 wt% THPC.
Conventional polymer gel dosimeter consisting of
acrylamide and N, N -methylene bis-acrylamide with gelatin
gel matrix, optimum THPC concentration to maximize the
dose response has been reported to be about 0.1 wt%
THPC®. However, in the prepared dosimeters, there was
no maximum of the dose response until 0.24 wt% THPC.
Propagation and termination reactions compete with each

increased with increasing dose.

other in the radical polymerization process, which affect the
molecular weight of polymer. Figure 2 shows the
relationship between dose rate and absorbance of the
dosimeter irradiated to a dose of 2 Gy. The absorbance of
the dosimeter consisting of 2 wt% HEMA, 3 wt% 9G, and
0.16 wt% THPC decreased with the dose rate. This dose
rate effect would be due to the formation of the
low-molecular weight polymers with increasing termination
reaction of the radicals.
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,63,



JAEA-Review 2014-050

2-08

Availability of HPC Gel as an Electron Donor

in Denitrification

T. Tanaka®, T. Yanagisawa ”, N. Nagasawa ” and M. Taguchi

2 Department of Civil and Environmental Engineering, Maebashi Institute of Technology,
) Environment and Industrial Materials Research Division, QuBS, JAEA

Hydroxypropylcellulose (HPC) gel was prepared applying by the radiation crosslinking technique.

The HPC

hydrogel was packed into a carbon felt hollow cylinder, and then the carrier was immersed in the reactor. The

continuous denitrification experiments were carried by using the carrier.

In the experiment using the carrier without

the hydrogel, total nitrogen concentration in the reactor was not decreased. On the other hand, a significant difference
between influent and effluent TN concentrations was recognized in the experiment using the carrier with the hydrogel.
The hydrogel could be used as an electron donor and/or carbon source in the denitrification.

[IZUO I ERME R F B I ORI = R TSz
HF KL FNK, BEAKZ2 E DAL ERVED UL E Ty D
SN E i FTgE7e T EE TIN5 R0 A7
M E AT OB R Z BBE LT, B (EB) ZRE L C
BT & TV ENRE TSR L THWAZ L%
PR, TOAREMEIC OV TR L=, EB N T Hiffi % 18
Jiz b P N N N1 3 S VY i T - Ly el e ESE
THoTT VORI EHEEER EENRT S 70D, AT,
HRA SR I RV BB T A CE D720 . A OB R
WIS LD ZRIBYOIEL LI A S T, Ll EDZ
EDD, BT L T, AR FEE S, EB el H R
A2 LIV ER RSN TV AR XY
Fut Lt a—2 (HPC) V@R L, AW FntE s m<
PRI R HBHHE T =L h DEM A B bE Tz
HREERILC, RERIC OV THREFILE,

[ =8 122 =BTV = HPC # L%, FD~=2—ARNZ EB
ZWRETLCHHRIL7-, HPC J2EL EB ORI, N Th
30%. 20 kGy £L7=", EB BRI D, 52 LI=7 V&K &
FRIT 48 BRRIEIE L CURi Lz, Peid HPC 7L & ke
TV hEEMAEDETELOEMHKREL THW, BEX
1 cm DRFBHEHET =L FEHE: 20 cm. £5:10~12 cm (2
F NUTRARIZID  ZOWNHEIZ HPC &V Ef AL T
REHE LTZ, 22T, RO LR TAEA 40 mY/m’ 72
JED LB IoNT, FRLORSBEMHET oV MEE 9 AUERL
Too BE RTINS FIV TR L O R HflHE 7 =1 b
18 % T EEER (kR SEER) 21T 72, xFIREBR IR %
HREL TREROITIEREIT V., SR (FEEE U 2K
H7) BB T FE U CTHT o 72, B K DRI, IR
FETOWRERRREAS 24 BRRA 227255912 4 mL/min £L7=,
SR SEBRAE T 1% HIRE SV FEL IR FEE T =L M
(AL s 5 DR 28 R AAT - 77,

[ R E %22 ) 2B % Fig. 1 CaHIREERR) I5L 08 Fig. 2
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Fig. 1 Total contents of nitrogen, phosphorus and organic
carbon at inflow and effluence in the control experiment.
@:total nitrogen at inflow, O:total nitrogen at effluence,
A ;total phosphorus at inflow, Ajtotal phosphorus at
effluence, W ;total organic carbon at inflow, [I;total
organic carbon at effluence.

Fig. 2 Total contents of nitrogen, phosphorus and organic
carbon at inflow and effluence in the denitrification
experiment with gel as electron donor and carbon source.
The symbols are the same as Fig. 1.
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Preparation of Scaffold for Cell Culture Use from

Silk Fibrous Protein by Gamma Ray-irradiation

T. Sekiguchi ¥, N. Nagasawa ', M. Taguchi ”, Y. Tamada © and Y. Kawahara *

? Division of Environmental Engineering Science, Faculty of Science & Technology, Gunma University,
® Environment and Industrial Materials Research Division, QuBS, JAEA,
° Division of Applied Biology, Faculty of Textile Science & Technology, Shinshu University

Silk aerogel has been prepared from liquid silk, and the influences of the gamma ray-irradiation on the mechanical

properties and the adhesive properties against NIH3T3 cell were investigated.

It was found that the formation of

crosslinking in the sericin fractions induced by the gamma rays-irradiation will harden the aerogel and affect the cell

adhesion and/or cultivation.

[1ZTHIZ]iPS #ifE<C ES MR Ic k> CHRE B H O
#MZ in vitro THOMEBEL T, IBIRICHWAFAENRED
HANBLIEL TS, Bz IS8 n, HO
s 12 b S CAERICBM T 5121, REMRE OB
fiRD IR0 | AR IR E AR FF 5 Z IR eh S D Hkf e L
BN MABLEZ LN TS, BAEEREREFNO LS
BRI HTIC AR A R T AT HE LT, S DBFHE 2 5
HIFEIC Y oGS 2 LT AT vl — /LA B D B ZE A8
RKOBENTND, UL, $X B RD AR LN
EREATEICEN TODZEDREN D, ke v
X7 a S AL LT B2 2 B R D AR v A— LR EL
BIARGERTRE TH AT ENME S TWEY, KIFZETIL,
=7 MK LTy BBREIT OV, IERHE RO
AR A S I LA B 5 M~ DB SOV TR
L7z,

[ 282 1R AR IR T DD L7 I8CIR AR 7 L A B A KT
JEBAL. K9 3%DKIEREL T-20 °C THilks - L= 7o
FNERT, ZOFNER) =T L B OREHEIZ AT,
- DA% s W -0 A ZE AT O = )L MR B B % L2 38
VT, “Co y AR FA ., BEE 10 kGy/h T, R
£ 10, 25, 50 kGy RS L7=,

BEAEPERRIT, TR 72 AR L VB S 6 mmoIcF T Bk,

V> /Ny 77— (PBS) IZIR{E LTz, iR L7 BT
NIH3T3 Ml Britiz 5 x 10* cells/sponge (27255912
flL., 37 °C. 5% CO, T 3 B:fiiE53%1% . PBS TUEHL.
LDH ¥E ML CHES MRS I E 3 5 2 & CRMliL 72,

[ R BRI VTR MO T 4T a A LI
PEDEI D 2 B DORERRS LD, ZIVHDE GRS
IRBAF Y IR—VRIR, 747 A ) o F it oA L

ENELREASEL BRI Yy TF R BUEREEDN DR

PERDT 47 AL BES DH DI =7 s L Ok
BECHRBMENGONIZLEMRL TS, Zo=T s
VD vy RIS 12 D0 IR UERE LTI R 2 ) R D
BACEFHART=LZ A, B AT y BB TGRS B 03 E
AEN, FIVOES D HNDZENy D -1z (Fig. 1),
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Further investigations are needed for the practical use of silk aerogel.
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Fig. 2 IZBWW T, BTV BRENIEIT TR W ~4 D
ARV OMBBEE MR -T2, ZhbDZEF I
DB FR A ISR DR E LIRS Te T AR TV
%o v MR R DY E 21 Cled A — ML — T BT
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Estimation of Damage Localization in DNA Irradiated

with ‘He?*, 2C5* and ®°Co y-rays in the Solid State

K. Akamatsu and N. Shikazono

Medical and Biotechnological Application Division, QuBS, JAEA

1. Introduction

DNA lesions induced by ionizing radiation can cause
mutation and carcinogenesis. In particular, “clustered
damage” or “multiply damaged site”, that is a DNA region
with two or more lesions within a few helical turns, is
believed to be hardly repaired. This damage is considered
to be frequently induced, especially around high-LET
radiation tracks. However, detail of the distribution of
damage is not fully known. We have already developed a
method for estimating localization of abasic (AP) sites on
DNA using Forster resonance energy transfer (FRET). The
FRET efficiency (£) was calculated using the donor
fluorescence intensities before/after enzymatic digestion of
the labeled AP-DNAD. We applied the method to “He?'-,
12C5*- and °Co y-irradiated DNA in the solid state.

2. Experiments
eSample preparation and irradiation

Plasmid DNA digested by Sma I was used (linear
formed). The DNA aq. was dropped on a glass plate and
dried in vacuum. The plate was irradiated with linear energy
transfer (LET) of ~70 keV/um of “He?" and ~760 keV/um of
12C5* beams (TC, TIARA), which was controlled by a
depth-tunable cell irradiation equipment?. Moreover, “Co
y-rays were also used as a standard radiation source at Kyoto
University Research Reactor Institute KURRI.
e Preparation of fluorophore-labeled irradiated DNA and
FRET observation

The irradiated DNA (10 pL in water) and 10 pL of
100 mM Tris-HCI (pH 7.5) were mixed in a microtube.
Two microliters of a mixture containing AF350 and AF488
with a given molar ratio was added to the DNA solution and
was incubated 24 h at 35 °C. The fluorophore-labeled
DNA was purified by ethanol precipitation. Ten
microliters of water was added to the residue immediately
after removal of the supernatant. Two hundreds microliters
of 100 mM TrisHCI1 with 10 mM MgClz (pH 8) was added
to the purified labeled DNA sample. The fluorescence
intensities were measured both at 449 nm (ex. 347 nm for
AF350) and at 520 nm (ex. 460 nm for AF488). After the
measurement, the enzyme cocktail containing DNase I and
phosphodiesterase 1 was added to the solution, and the
solution was incubated for 3 h at 37 °C. E values were
calculated from the donor intensity before/after the digestion
at 449 nm (ex. 347 nm).

3. Results and Discussion

The AP yields for He and C was similar to each other, and
clearly higher than the AP yield for °Co y-rays (Fig. 1)%.
This result is consistent with the yields of base release®.

Fig. 1 AP densities (the number of APs per bp) for He (A), C (m),
and ®“Co y-rays (e) as a function of absorbed dose. Revised
from the submitted paper?.

Fig. 2 FRET efficiency for He (A), C (w), and “Co y-rays (e) as a
function of AP density. The line is that for random APs.
Revised from the submitted paper?.

Figure 2 shows the FRET efficiency (£) for these sources
as a function of AP density. E values for He and ®Co
y-rays were similar to or slightly higher than the E value for
a randomly distributed APs, whereas the value for C was
higher than the values for other sources. In addition, the £
values for C, interestingly, seemed to be ~0.10 even at zero
dose, implying that a single particle track of C produces
more clustered APs than those for other sources®. The E
value of 0.10 means that AP-AP distance at a clustered AP
region is on average ~17 bp?, which suggests that quite a
few AP clusters with less than 17 bp apart can be produced
within a track of C particle. Now we are applying the
FRET method to an aqueous DNA sample with a
cell-mimetic condition.
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Arabidopsis thaliana Exhibiting Different Anthocyanin
Accumulation Patterns

S. Kitamura, Y. Oono and I. Narumi *
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In plant kingdom, anthocyanins are the most popular and
widespread group of pigments that can modify flower and
fruit colors. Anthocyanins are categorized to flavonoid
compounds, together with other subclasses such as flavonols
and proanthocyanidins (PAs).
to have several physiological functions, such as acting as

These flavonoids are known

ultraviolet-B absorbing compounds, anti-microbial agents,
and antioxidants. It is known that anthocyanins are
synthesized at cytoplasmic surface of the endoplasmic
reticulum, whereas anthocyanins are accumulated within the
In addition, to fulfill the physiological functions
of anthocyanins such as pigments and ultraviolet-B
absorbers, they must be accumulated in vacuoles after
completion of their synthesis. Despite the prerequisite step
for fulfilling their functions, the mechanisms by which
anthocyanins are accumulated into vacuoles are poorly
understood.

Ion beams have been used for isolation of novel mutants
in a number of plant species in our laboratory.
Re-mutagenesis by secondary irradiation of ion beams to
already-established ion beam-induced mutants would be
effective to modify plant characters step-by-step, because
ion beams are likely to induce mutations at the limited
regions of the genome. Here, we try to adapt the
re-mutagenesis by secondary ion beam irradiation in model
plant Arabidopsis, for obtaining flavonoid mutants that have
not been found so far by standard mutagenesis and screening
methods.

Arabidopsis thaliana L. was used in this experiment.
An anthocyanin spotted testa (ast) mutant had been isolated
as one showing spotted anthocyanin pigments in immature
seed coat”. Dry seeds of ast were mutagenized with
150 Gy of 220 MeV carbon ion beams. Irradiated seeds
were self-pollinated for obtaining M2 seeds. The M2
seedlings were grown individually and immature M3 seeds
were dissected from young siliques. Because potted testa
phenotype of ast is known to be dependent on its maternal
genotype, immature seeds of M3 were screened with respect
to anthocyanin pigmentation whether it could be different
from that of ast.

Generally, immature seeds of wild-type Arabidopsis
show pale-yellowish green phenotype (Fig. 1, left top).
Although the seed coat at this stage accumulate a large
amount of flavonoid compounds, they are colorless PA
precursors. In contrast, immature seeds of ast show
reddish phenotype, due to accumulation of anthocyanins
instead of PA precursors (Fig. 1, left bottom). The reddish

vacuoles.

Development of immature seeds

Anthocyanin level

potential mutants with
low anthocyanin accumulation

Fig. 1 Phenotypes of immature seeds of wild-type (left
top) and ast (left bottom), and strategy for isolation of
novel mutants using pigmentation in immature seeds of
ast (right). Arrow in left panel indicates a
anthocyanin-less phenotype.  Bars in left panels
indicate 1 mm.

color gradually increases according to seed coat
development (Fig. 1, right). This accumulation pattern of
anthocyanins makes it possible to trace flavonoid
accumulation levels during seed development by visual
inspection (Fig. 1, right). Until now, approximately 5,000
M2 seedlings have been applied to screening for
anthocyanin pigmentation mutants in immature seeds, and
about 10 candidate M2 lines have been obtained. One of
them was characterized and described below.

The mutant (#62) shows a reduced level of anthocyanin
pigmentation in immature seed coat at 6th day after
flowering when it was compared to siblings showing ast
phenotypes (Fig. 1, left bottom, arrow). Backcrossing of
this mutant with ast plant showed the ast phenotype in all F1
plants, and ast and the mutant phenotypes were segregated at
F2 with about 3:1 ratio, suggesting that mutation of #62
phenotype is single recessive. HPLC analysis suggested
that the reduced level of #62 immature seeds was caused by
less-accumulation of anthocyanin molecules. Map-based
cloning of the responsible gene for the #62 phenotype
indicated that the gene controlling the reduced level of
anthocyanins in immature seed (#62 phenotype) was located
on middle region of chromosome 4. Anthocyanin-less
phenotype was limited in immature seed coats, and other
tissues such as hypocotyl and cotyledon could accumulate
anthocyanins. These results suggest that the gene
responsible for #62 phenotype is involved in anthocyanin

accumulation in tissue specific manner.
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Target Irradiation of Individual Cells Using Focusing

Heavy-ion Microbeam of JAEA-Takasaki (V):
Irradiation of Individual Cells with
Scanned Heavy-ion Microbeam
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Heavy-ion irradiation has been employed in a wide range
of biological applications, including heavy-ion radiotherapy
and radiation breeding, because of its high and unique
biological effectiveness. This property was considered to
be caused by the non-uniform energy distribution along with
heavy-ion tracks, and raised three major subjects to be
studied in radiation biological field: bystander effect, single
ion hit effect, and clustered DNA damage. To explore
these three issues, a target irradiation of individual cells
using heavy-ion microbeam is a useful means. Therefore,
we have developed a collimating heavy-ion microbeam
system under a vertical beam line of an AVF cyclotron of
JAEA-Takasaki ", and explored various effects of heavy-ion
hit on biological materials 2, However, there are
limitations of the collimating system in the size of the
microbeam spot and in the irradiation speed that cannot be
overcome in principle. Thus, we started the development
of a new focusing microbeam system for target-irradiating
individual cells more precisely than the collimating system.

Using the system, we established a method to detect
focusing beam spot under the microscopy, and carried out an
irradiation of individual HeLa cells by moving cells to the
position of focusing beam spot one by one®. However,
according to the speed limitation of the mechanical stage,
the throughput of the irradiation is still comparable with that
of the collimating system. To improve the throughput, we
next carried out a development of a method to irradiate cells
with a scanned beam. We developed a method that can
draw a cell distribution pattern, which was extracted from
fluorescent microscopic image of cultured cells, on CR-39
film using scanned heavy-ion microbeam®, and modified
the irradiation-system control pathways to resolve the
complicity of protocol for scanned beam irradiation”. By
these developments, we concluded that the system now
become able to irradiate individual cultured cells with
scanned focusing microbeam, start the
establishment of the protocol for irradiating “actual” cell
sample with scanned beam.

In the experiment, the HeLa cells
CellTracker Orange were used. The cells were inoculated
on a CR-39 film, covered with a Kapton film, sealed with a
petrolatum, then placed on the sample stage.  The
microscopic image of cells was analyzed, and the cells were
irradiated with scanned neon microbeam of the 2 micron in
After irradiation, the hit positions of the ion
were visualized as the etched pit (Fig. 1a), and the cells were

so that we

stained with

diameter.

stained with the gamma-H2AX antibody (Fig. 1b). We
found the correspondence of the distribution pattern of the
etch pits, the cell positions and the gamma-H2AX foci.
Thus we concluded that the developed method can irradiate
cells rapidly and accurately with the focusing heavy-ion
microbeam.

d

Irradiation of individual cultured cells with scanned
(a) the distribution of etch pits on the
CR-39 film, (b) the image of gamma-H2AX foci.

Fig. 1
neon microbeam.
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Mutants to Microbeam Irradiation
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An increasing body of data indicates that ionizing
radiation affects the nervous system and alters its function".
Recently, we reported that chemotaxis of C. elegans during
the salt chemotaxis learning (SCL), that is conditioned taste
aversion to NaCl, was modulated by carbon ion irradiation,
i.e. accelerated decrease in chemotaxis to NaCl during the
SCL 2.
interaction of ionizing radiation with the central neuronal
Microbeam irradiation is

However, we had no direct evidence for the

tissue (nerve ring) in C. elegans.
useful to analyze direct radiation effects at a cellular or
tissue level. Thus, we applied the microbeam irradiation
(**C, 18.3 MeV/u, LET=119 keV/um) of the C. elegans
nerve ring and examined the effect on the SCL. Our
preliminary results obtained with wild-type animals showed
the modulatory response of the SCL to targeted carbon-ion
irradiation¥.  Here, we present the effects of targeted
carbon-ion irradiation on gpc-/ [a heterotrimeric guanine
nucleotide-binding protein gamma subunit, and this mutant
defects in carbon ion induced modulatory responses during
the SCL?] and daf-2 [a receptor tyrosine kinase that is the C.
elegans insulin/insulin-like growth factor receptor ortholog
and a well known mediator in response to oxidative stress"]
mutants of C. elegans.

Well-fed adults of C. elegans mutants grown at 20 °C on
the plate spread with E. coli OP50 were used in all
experiments. The areas of nerve ring (Head) and the
counterpart (Tail) of mutants in a ditch filled with the S
buffer including 100 mM NaCl of the micro device? were
irradiated with 12,000 carbon ions corresponding to 500 Gy
at 20 um¢ micro-aperture area®. On the other hand,
whole-body carbon ion irradiation by the broad beam
irradiation facility was carried out. Immediately after
irradiation, chemotaxis to NaCl was measured. Using the
assay plate with a gradient of NaCl concentration, we
evaluated chemotaxis based on the chemotaxis index (CI;
Fig. 1)?. CI was expressed as mean + 95% confidential
interval, and a statistical test was carried out by the
chi-square test with a Yates’ correction. During the SCL,
the CI is gradually decreased.

Figures la and 1b demonstrate the effects of target and

broad beam irradiation on gpc-/ and daf-2 mutants. gpc-1
mutants showed the significant accelerated decrease in Cls
of head and tail targeted microbeam irradiations. On the

other hand, microbeam irradiation did not significantly
affect Cls of daf-2 mutants, although broad beam irradiation
significantly affected.

CI = {(number of animals at the high-concentration
spot) — (number of animals at the control spot)} /
(total number of animals in the assay plate)

1.0 - (a) gpe-1 mutant
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9 1.0 - (b) daf-2 mutant
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Fig. 1  Effects of carbon ion broad and microbeam

irradiation on the salt chemotaxis of gpc-1 (a) and daf-2
(b) mutants. Error bars show the 95% confidence
intervals, and asterisks indicate the

differences (p <0.05) in CL

significant

Interestingly, the marked differences between gpc-I/ and
daf-2 mutants were demonstrated in broad beam and
microbeam induced responses during the SCL. Although
the detailed mechanism of the differences is unknown, it
suggests that the signaling pathway in the chemotactic
response of the SCL following ionizing irradiation related to
the gpc-1 gene differs from that of the daf~2 gene in C.
elegans.
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Bystander Effect Mediated by Nitric Oxide Depends on

Irradiation Dose but not on Radiation Quality
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Radiation-induced bystander effect manifests cell killing
and other effects in the non-irradiated cells that are close to
irradiated cells". It is necessary to elucidate the biological
significance and molecular mechanism of bystander effect in
order to estimate and to regulate the potential risks of low
dose radiation accurately. The purpose of this study is to
investigate the bystander cell-killing effect induced by
varying doses of y-rays or carbon ions and to analyze the
role of nitric oxide (NO) in the effect. This study updates
our reports> and sheds light on the molecular mechanism of
bystander effect.

Normal human Iung fibroblasts WI-38 cells were
cultured in the minimum essential medium supplemented
with fetal bovine serum and antibiotics. Cells inoculated in
a porous membrane-based insert were irradiated with
varying doses of Co y-rays (LET: 0.2 keV/um) or carbon
ions (108 keV/um). Irradiated cells were then non-contact
co-cultured with the non-irradiated cells that had been
After co-culture of 24 h, the
survival rates of non-irradiated bystander cells were

cultured in a companion plate.

measured with a conventional colony formation assay.
The survival rates of bystander cells co-cultured with the
cells irradiated by y-rays or carbon ions decreased with

100 & '
80

o

Survival rate of bystander cells (%)

60
40
20
0 0.5 1 1.5 2
Irradiation dose (Gy)
Fig. 1 Dose responses of the survival rates of non-irradiated

bystander cells. Bystander cells were co-cultured with
cells irradiated with graded doses of y-rays (circle) or
carbon ions (square). Survival data are presented as the
mean + standard error of the mean (SEM) of 3 or more
independent beam times. ~ Reductions in survival rates
of bystander cells were dependent on irradiation dose in
the lower dose range, but not on radiation quality.

increasing dose and seemed to bottom out at 0.5 Gy or
higher doses (Fig.1). This result indicates that the
bystander cell-killing effect is dependent on irradiation dose
in the lower dose range but is independent of radiation
quality.

Next, to investigate the molecular mechanisms of the
bystander cell killing, 20-uM of a specific NO scavenger
2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl
-3-oxide (c-PTIO) was added to the culture medium of
irradiated cells and non-irradiated cells during irradiation
and co-culture. c-PTIO treatment prevented the reduction
in survival rates of bystander cells co-cultured with the cells
that had been irradiated with 0.5 Gy of y-rays or carbon ions
(Fig. 2). This clearly indicates that NO has an important
role in the bystander cell-killing effect. Further analysis is
now in progress to elucidate how NO Kkills the bystander
cells.
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Fig. 2 Effects of the specific NO scavenger c-PTIO on the
bystander cell-killing effect. Cells irradiated with
0.5 Gy of y-rays or carbon ions were co-cultured with:
non-irradiated cells for 24 h. Irradiated cells and
non-irradiated cells were treated with 20-uM c-PTIO or
water during irradiation and co-culture. Survival data
are presented as the mean £ SEM of 3 or more
independent beam times. c¢-PTIO treatment prevented
the reduction in survival rates of bystander cells.
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by Radiation-induced Bystander Response
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The objective of this project is to elucidate molecular mechanisms for the induction of radioadaptive response through
radiation-induced bystander responses induced by irradiation with heavy ion microbeams in JAEA.

We found that the adaptive response was induced by Ar (520 MeV *°Ar'*") microbeam-irradiation of a limited number of
cells, followed by the broad beam-irradiation and that the adaptive response was almost completely suppressed by the

addition of carboxy-PTIO, as a nitric oxide (NO) scavenger.

In addition, we found several genes induced specifically and

preferentially when radioadaptive response could be induced. We confirmed that iNOS expression was specifically induced
only when radioadaptive response could be induced. Our findings strongly suggested that radioadaptive response can be
induced by NO-mediated bystander responses evoked by irradiation with heavy ion microbeams.
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Induced by Heavy-ion Microbeam Irradiation
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Radiation-induced bystander responses are defined as responses in cells that have not been directly targeted by radiation

but are in the neighborhood of cells that have been directly exposed.
response to sustain the homeostasis of damaged tissue using heavy-ion microbeams.
microbeam irradiation method to a 3D cultured human epidermis.

In this study, we aim to clarify a role of bystander
We established the heavy-ion
Using this method, a viable cell rate of the 3D cultured

human epidermis irradiated with 260 MeV *’Ne-ion microbeams or broadbeams was analyzed by the MTT method.
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Fig. 1  Hematoxylin and eosin (HE) stained human

epidermis model.
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We have been studying the radiation-quality dependent
bystander cellular effects, such as cell killing, mutation
induction and chromosomal damage, using heavy-ion
microbeams with different ion species. The bystander
effects in cell killing was induced by C ions, but not Ne or Ar
jons, via gap-junction mediated cell-cell communication .
On the other hand, the bystander effect in chromosomal
damage was induced by C, Ne, and Ar ions and promoted by
the two different mechanisms such as gap-junction mediated
cell-cell communication and secreted factor(s) to culture
medium from the irradiated cells 2. Our results
summarized that that bystander cellular effects depended on
both biological endpoints and ion species. This year we
focused on the ion-species dependent bystander mutagenic
effect on HPRT locus in normal human fibroblasts induced
by C-, Ne,- and Ar-ion microbeams.

Approximately 6 x 10° exponentially growing cells were
inoculated into each of microbeam dish, which was made of
acrylic resin ring with 36 mm diameter and attached
7.5 um-thick polyimide film on the bottom of the ring,
2 days before microbeam irradiation. One day before
irradiation, half of the sample dishes were treated with a
specific inhibitor of gap-junction mediated cell-cell
communication (40 puM of y-isomer of hexachloro-
cyclohexane). At the irradiation period, cultures were
confluent. Gene mutation on HPRT locus mapped on the
X chromosome was detected with 6-thioguanine resistant
clones. Microbeam irradiations were carried out using a
256 (16 X 16)-cross-stripe method described previous
report” using C ions (*3C%, 220 MeV), Ne ions (*Ne™,
260 MeV), and Ar ions (*’Ar'**, 460 MeV) at the HZ1 port.
The values of linear energy transfer (LET) at the sample
position were estimated to be 103 keV/um for C ions,
380 keV/um for Ne ions, and 1,260 keV/um for Ar ions.
The beam size of each ion microbeam was 20 pm in
diameter and the irradiations in each point were carried out
to deliver 8 ions for carbon, 2 ions for neon, and single ion
for argon, respectively.

Figure 1 showed the results of mutation induction at
HPRT locus in microbeam-irradiated cells (IR) and
microbeam-irradiated cells with the specific inhibitor of
gap-junction mediated cell-cell communication (L+IR).
The mutation frequency in cells irradiated with C-ion
microbeams was 6 times higher than that of non-irradiated

control cells (Control). In our 256-cross-stripe irradiation

method, only 0.04% of all cells on the dish was irradiated
directly with the carbon ions and we could evaluate that the
mutation frequency in the 0.04% microbeam-irradiated cells
was the same level with non-irradiated control cells, based
on the data using the 80 keV/um-carbon-ion broadbeams at
0.4 Gy (data not shown). The result showed a higher
mutation induction in the microbeam-irradiated cells than
that of the expected frequency. Furthermore, the induced
mutation returned to the control level, when using the
On the other hand, no enhanced
mutation frequencies were observed in cells irradiated with

gap-junction inhibitor.
either Ne- or Ar-ion microbeams. There is clear evidence
that the
mediated

quality.

bystander mutagenic effect via gap-junction
cell-cell communication depends on radiation
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Fig. 1 Mutation induction in normal human fibroblasts
irradiated with C-, Ne,- and Ar-ion microbeams (IR).
Cells were treated with (L+IR) / without (IR) a specific
inhibitor =~ of  gap-junction  mediated  cell-cell
communication.  The results were the means and

standard errors from at least 4 independent beam times.
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Analysis of Bystander Effect Induced by Cell

Membrane Response in Glioma Cells
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?) Department of Veterinary Medicine, Kitasato University,
® Medical and Biotechnological Application Division, QuBS, JAEA

So far, we clarified that X-ray irradiation induced cell killing by bystander effect mediated-secreted factor.
In this study we analyzed mechanism of secreted SMase from
SMase was detected in the culture medium after irradiation by SDS-PAGE. Then, SMase
was detected in the exosome of culture medium, but not out of exosome after irradiation.

phenomenon was related with sphingomyelinase (SMase).
irradiated cells after irradiation.

was secreted as exosome from the irradiated cells.

1. [ZC®IZ

ARG =W BT IR ST B DA S0
HRPER T3 3 We Sy, FERRS M IR Z O % R 7 D 1EH
WS THBEN B EINDB G THD, Tz, v(//re
— MM LD MAR OES S 7R BT BRI KD R RZ U —
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FTANLEENZIZAS D IZEN TR, — 5, flfafi]o
LT FIREIZBWTC, 7YY — ML DR E
BLEZLNTWS, 207y —ATfansatsh
BIE/NTHY, DT —AE microRNA RR0F /37
BV T IRRICEE R TEEALTEY, A7
I F—BH I — ADWRT T T G EIZ S
THIEWRBINTND, ZZCTARIFIETIL, U B
FHE LRSI S MEND AT 4TI F — P ol g2
L, EHIZZOAT 4TI F— BRI Y —LNICE
BHENTWBNEIT L,

2. EBIGE

VA —< ik (A172 FBE) Z V. X8R 6 Gy ZRREL .
MRS WESNDAT 4 AITY F— PR+ 570,

BRI 5 47, 30 I BRGSO EE 28 BB O A Bl L,
PLAT 4 AI2YF—VBHIRZ T Th R L AR
%47V, SDS-PAGE (ZX»> CATZ I3 —F &K
L7z EBIT, =7V =2 DRT A3 — B o fiE

Hrd o7, X #1 6 Gy IET R ICE 28 Big 2RI L,

Exo Quick [ZEBTrY Y — AORERAIT, KRR AL
AT 4TI F—BHIRICE DRI L > Tz
T FLATZ 33— Bhifkez Ty =2z 7
By hEATo7,

This
This result indicates that SMase
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V= BHD S ENIRET AT A3 —PhHiRIC L
BYTAL T uy NOFERTHD, IERFT B LUK %I
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After irradiation

5 min 30 min

Fig. 1 Detection of 57 kDa protein from culture medium
after irradiation by SDS-PAGE.

Control

57 kDa

After irradiation

(a) Control 5 min

SMase |_L‘m"
—

(b) Control 5 min
SMase | L :" |

1 min 15min 30 min

_.._.-.|

15min 30 min

Fig. 2 Detection of SMase in the exosome (a) and out of
exosome (b) by western blot.
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Ion Beam Irradiation Has Different Influences on

Superoxide Dismutase Activity in Cultured Human Retinal
Vascular Endothelial Cells between '>C and ‘He

K. Akeo *”, T. Funayama , Y. Kobayashi ®® and Y. Akeo *

) Akeo Eye Clinic, ® Keio University School of Medicine, © Medical and Biotechnological
Application Division, QuBS, JAEA, ¥ Gunma University Graduate School of Medicine

It is known that superoxide dismutases (SOD) are a class
of enzymes that catalyze the dismutation of superoxide into
oxygen and hydrogen peroxide. Because superoxide is not
very reactive biochemically or chemically, it has been
suggested that the deleterious effects of superoxide are
actually mediated by a cascade of oxidative events 2.
Fridovich? describe that SOD does protect cells and damage
to cells could be prevented by SOD but not by catalase.
Cultivation of microvascular endothelial cells in 40%
oxygen for week resulted in an inhibition of proliferation as
compared to cells in 20% oxygen?®. Freeman et al ¥
showed that an oxygen-dependent injury to endothelial cells
could be prevented with liposomal SOD. We reported that
SOD activity of retinal pigment epithelial (RPE) cells was
significantly related to ambient oxygen, and transfer of RPE
cells growing 20% oxygen to 5% oxygen arrested the
decrease in SOD and resulted in significantly higher SOD
levels®.

We reported that L-dopa acts in the same manner as free
radicals under high oxidative stress conditions such as
hyperoxia® or that induced by visible light”. Cultured
bovine aortic vascular endothelial cells are more sensitive to
oxidative damage by L-dopa, and/or light, than cultured
porcine RPE cells. Damage to human retinal vascular
endothelial (RE) cells is a characteristic feature of senile
macular degeneration and diabetic retinopathy. In these
studies, we used human RE cells, from retinal capillaries, a
more suitable model than bovine aortic vascular endothelial
cells, so that the results can be correlated to humans.

Ionizing radiation is known to induce oxidative stress
through generation of reactive oxygen species (ROS)
resulting in imbalance of the pro-oxidant and antioxidant in
the cells, which is suggested to culminate in cell death.
Srinivasan et al reported the evaluation of the radio-
protective effect of curcumin, a yellow pigment of turmeric
on y-radiation-induced toxicity in primary cultures of
isolated rat hepatocytes®. The increase in the severity of
DNA damage was observed with the increase dose (1, 2 and
4 QGy) of y-radiation in cultured hepatocytes. Thiobarbituric
acid reactive substances were increased significantly,
whereas the levels of antioxidant enzymes (SOD, catalase,
glutathione peroxidase) were significantly decreased in
v-irradiated hepatocytes. Gamma-radiation is known to
cause uniform ionization throughout an irradiated tissue.
The use of ion beams might have the roles in oxidative stress
production so as to have different irradiation energy, projectile
range, and spot size of irradiation that influences the
cytoplasm, membranes, and organelles (mitochondria and
rough endoplasmic reticulum)”.

It is possible that ion beam irradiation caused the induction
of the oxidative stress by ROS, especially superoxide. We

assayed SOD activity in order to investigate how ion beam
irradiation influenced SOD in RE cells.

Human RE cells incubated were exposed to an ionization
radiation (220 MeV C and 50 MeV He). We obtained the
cells at 0, 4, 8, and 24 h after the irradiation and extracted.
The SOD assay buffer (Tris-HCl buffer with diethylene-
triaminepentaacetic acid) was added to the pellets, and the
cells were lysed by several cycles of freezing and thawing.
SOD was measured using a modification of the luminol
assay described Bensinger et al'®. This highly specific
assay is based on the emission of a photon of light from
luminol following interaction with the superoxide anion.
A reaction mixture was prepared containing bovine serum
albumin, hypoxanthine and luminol in the assay buffer.
SOD standard solution and cell lysate were added to
mini-scintillation ~ vials containing reaction mixture.
To start the assay, xanthine oxidase was added, rapidly
mixed, and placed in the sample chamber of a luminometer.
Photon emission was measured to determine the maximum
emission rate, which was expressed as a percentage of the
unsuppressed control. The nanogram equivalents of SOD
were determined from a standard curve relating percent
suppression of photon emission to the nanograms of bovine
erythrocyte SOD added. Aliquots of each sample were
assayed for protein measuring the absorbance spectrum by
260 nm wavelength of the spectrophotometry. Specific
activity of SOD was expressed as nanogram equivalents of
SOD/mg protein.

SOD activity in human RE cells in vitro decreased
according to duration time after irradiation of 50 MeV He,
and in case of 220 MeV C, SOD activity increased at 24 h
after irradiation. It was possible that there were the
differences of the effects by irradiation on SOD activity
between 50 MeV He and 220 MeV C.

References

1) G Czapski et al., In “Oxygen Radicals in Chemistry and
Biology” (Eds. W., Bors et al.) Walter de Gruyter and
Co., Berlin (1984) p. 225.

2) L. Fridovich, Arch. Biochem. Biophys. 247 (1986) 1.

3) P. A. D’more et al., In Vitro Cell Dev. Biol. 23 (1987)
123.

4) B. A. Freeman et al., J. Biol. Chem. 258 (1983) 12534.

5) K. Akeo et al., Curr. Eye Res. 7 (1988) 961.

6) K. Akeo et al., Exp. Eye Res. 49, (1989) 335.

7) C.K. Dorey et al., Curr. Eye Res. 9 (1990) 549.

8) M. Srinivasan et al., Environ. Toxicol. Pharmacol. 24
(2007) 98.

9) K. Akeo et al., Tiss. Cult. Res. Commun. 32 (2013) 195.

10) R. E. Bensinger et al., Anal. Biochem. 116 (1981) 142.

,80,



JAEA-Review 2014-050

3-11

LET Dependency of Human Normal Dermal Cells Survival

in Carbon Ion Irradiation
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In the clinical application of carbon-ion (C-ion) radiation
therapy in Japan, different RBE values of carbons have been
used for clinical and biological endpoints. The biological
RBE (bRBE) was estimated by a method that is based on the
linear-quadratic (LQ) model, and was defined in vitro at the
10% surviving fraction of human salivary gland (HSG)
tumor cells. The clinical RBE (cRBE) was assumed to be
1.45 times of the bRBE, and it was determined to be 3.0 at
the neutron-equivalent position of the carbon spread-out
Bragg peak (SOBP)". Thus, the treatment planning for all
of the tissues in patient is performed based on experimental
data with radiosensitivity of human salivary gland (HSG)
cells. However, many of biological parameters, that is, type
of tissues, different sort of cells, oxygenation levels, and all,
could affect radiosensitivity. It is therefore recommended
that fundamental data other than HSG model be obtained for
more effective radiotherapy.

One of the cell line models to be experimented is a
normal tissue model with, generally speaking, radiation
resistant characteristics compared to tumor tissues. First of
all, we evaluated the linear energy transfer (LET)
dependence of the radiosensitivity in normal skin cells using
the normal human dermal fibroblast (NHDF). The skin is
one of critical organs for C-ion radiation therapy.

The facility of Gunma University and TIARA was used
for irradiation with C-ion beams of various LETs ranging
from 10 to 200 keV/micrometer. At first, we performed
dosimetry to evaluate difference of the dose and LET
distribution of C-ion beam between the facility of Gunma
University and TIARA. The difference of dose between the
facility of Gunma University and TIARA was 1.0231% on
average from the two sets of measurements (Table 1).
The difference of LET distribution was not detected in both
facilities when the doses measured in TIARA (measured
dose) were compared with the dose in Gunma University,
namely, calculated dose (Fig. 1). These results suggest that
the biological data obtained from both facilities may treat
equally.

NHDF cells were exposed to C-ion beams at Gunma
University (10-80 keV/micrometer) and TIARA (108 and
158 keV/micrometer).  The surviving fractions were
analyzed with colony formation assays. The experimental
RBE (eRBE) values were estimated from the radiation dose
survival curve fitted by LQ model, and defined in vitro as
follows.

RBE X ray dose (Gy) as reference giving 90 % cell killing
e =

Radiation dose (Gy) of interest giving 90 % cell killing
The results of the biological experiment at TTARA have
not been yet obtained, because we performed the dosimetry

in this year.

Reference
1) T.Kanai et al., [JROBP. 44 (1999) 201-10.

Table 1 The comparison of dosimetry at two facilities.

Gunma TIARA Ratio (Gunma

University Univ./TIARA)

1.0123+0.0144 | 1.0180*0.0150 | 0.9944+0.0025

1.0774%0.0133 | 1.0244%0.0107 | 1.0518%£0.0175

8 I I

— Calculated Dose

o Measured Dose

Relative Dose
-
~—

A~

0 005 01 015 02
Depth (g/cm ?)

Fig. 1 LET and depth-dose-distribution at TIARA
(18.33 MeV/u carbon) in Alminum.
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NHEJ Repair Rather Than HR Repair is the Primary

Function to Target to Enhance Radiosensitization at
High LET Values
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DNA double-strand breaks (DSBs) induced by ionizing
radiation pose a major threat to cell survival. The cell can
respond to the presence of DSBs, through two major repair
pathways: Homologous recombination (HR) and non-
homologous end-joining (NHEJ). Higher levels of cell
death are induced by high linear energy transfer (LET)
radiation when compared to low LET radiation, even at the
same doses because of less effective or more inefficient
DNA repair. To clarify the question of whether high LET
radiation inhibits all repair, or specifically one repair
pathway, studies were designed to examine the effects of
radiation with different LET values on DNA DSB repair and
radiosensitivity.

The cell lines used in these studies were p53 /- MEF
Lig4"/\Rad547/- (Rad54-KO); Lig4 /_Rad54"/. (Lig4-KO);
Lig4 /-Rad54 /- (double-KO); and Lig4/"Rad54"/, (wild
type). These cell lines were kindly provided by Dr.

Frederick W.  Alt (Harvard Medical School, Boston, MA)".

Exponentially growing cells were irradiated at room
temperature with X-rays, carbon ion beams (C-beams), neon
ion beams (Ne-beams), and argon ion beams (Ar-beams).
X-irradiation was performed through a 3.5 mm layer of
culture medium and a 1 mm layer in a NuncTM flask
(Thermo Fisher Scientific, Yokohama, Japan) using a
200-kVp X-ray generator (TITAN-225S, Shimadzu, Kyoto,
Japan) with a total filtration of 0.5 mm aluminum plus
0.5-mm copper. The X-ray dose rate was about
1.3 Gy/min which was measured using a thimble ionization
chamber (PTW FREIBURG, Freiburg, Germany) at the
sample position. C-beam irradiation (18.3 MeV/nucleon,
mono-beams: 108  keV/um), Ne-beam irradiation
(13 MeV/nucleon, mono-beams: 437 keV/um), and Ar-beam
irradiation (13 MeV/nucleon, mono-beams: 1,370 keV/um)
were performed through an 8 pm layer of Kapton®
polyimide film (du Pont-Toray Co., Ltd., Tokyo, Japan)
using the AVF cyclotron of the Takasaki lon Accelerator for
Advanced Radiation Application (TIARA) facilities in the
Japan Atomic Energy Agency (JAEA, Gunma, Japan)?.
Cell survival was measured with colony forming assays.
The sensitization enhancement ratio (SER) values were
calculated using the 10% survival dose (D10) of wild-type
cells and repair-deficient cells.

Cellular radiosensitivity was listed in descending order:
Double-KO cells > Lig4-KO cells > Rad54-KO cells >

Ar-beams
1,370 keV/um

C-beams Ne-beams
108 keV/pm 437 keV/um

X-rays

Surviving fraction

5 0 5 0 5 10 15

Dose (Gy)

Fig. 1 Cell survival curves after exposure to radiation with
different LET values in NHEJ and/or HR KO cells.
®  wild-type cells; A, LIG4-KO cells; ¥, Rad54-KO
cells; 4, double-KO cells.

0o 5 10 0

Table 1 D10, RBE and SER values for different radiation
tvoes in NHEJ and/or HR KO cells.

wild-type cells  LIG4-KO cells Rad54-KO cells  double-KO cells
D10 value
X-rays 104=12 1102 62=03 0.6=0.1
C-beams 3403 10£01 2002 06=01
Ne-beams 80=06 28=00 41=02 20+03
Ar-beams 13224 49=07 9.1=0.7 3204
RBE
X-rays 1.0£01 1.0+01 ool 1.0+01
C-beams 31203 12£02 31203 08=01
Ne-beams 1.3=01 0400 15=01 0300
Ar-beams 0.3+0.1 02£0.0 0.7=01 02£0.0
SER
X-rays 93£13 1701 18818
C-beams 3503 1.7=02 3705
Ne-beams 29=00 1.9=01 41=06
Ar-beams 2704 15z01 4205

wild-type cells (Fig. 1). Wild-type cells and Rad54-KO
cells, i.e. NHEJ proficient cells, exhibited the high RBE
values at LET values of 108 keV/um. The RBE value for
each cell type decreased with increasing LET values over
200 keV/pum (Table 1). Although Rad54-KO cells had an
almost constant SER value, Lig4-KO cells showed a high
SER value when compared to Rad54-KO cells, even with
increasing LET values (Table 1).

These results suggest that with carbon-ion therapy,
targeting NHEJ repair yields higher radiosensitivity than
targeting HR repair.
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Epigenetic Modifier as a Potential Radiosensitizer for

Heavy-ion Therapy on Malignancy (II)
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Introduction

Malignant melanoma is one of the most common
cutaneous malignancies. Unfortunately, it resists often
various authentic therapies including chemotherapy and
radiation therapy, and it is well characterized by very low
objective clinical responses, representing lethal disease.

Epigenetic modifiers, such as histone deacetylase
inhibitors (HDACi) and DNA methyltransferase inhibitors,
have emerged recently as promising anticancer agents and it
has been expected that epigenetic modifiers may enhance
the effect of other cancer therapeutics including
radiotherapy ”. In addition, the biological effects of the
high linear energy transfer (LET) heavy-ion radiation are
more pronounced than the low-LET radiation (e.g., y-ray or
X-ray). These accumulating evidences allowed us to
investigate whether the use of epigenetic modifiers could
sensitize melanoma cells for the heavy-ion therapy.

Materials and methods
Cells and cell culture

Murine B16F10 melanoma cells were purchased form the
American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in Dulbecco’s Modified Eagle Medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (MP Biomedicals, Santa Ana, CA, USA)
and 1% antibiotic-antimycotic (GIBCO, Carlsbad, CA,
USA) at 37 °C in a humidified atmosphere with 5% CO,.
Radiation exposure

The ®Co y-ray irradiation was performed in Room No.1 of
the food irradiation facility at Takasaki Advanced Radiation
Research Institute (TARRI), JAEA. The heavy-ion
irradiation groups were exposed to carbon ions accelerated by
the AVF cyclotron and generated with the HY1 port of
TIARA at TARRI, JAEA. Control groups
sham-irradiated and handled in parallel with the test groups.
Clonogenic survival assay

Cells in exponential growth were seeded at a density 1 X
10° cells per 35 mm culture dish 20-24 h before irradiation.
Cells were treated with investigational or comparator
epigenetic modifier for 16.5 h and then irradiated. The
concentration of modifier was selected that required to
reduce colony formation by 10% or 20% alone. After
irradiation, cells trypsinized and plated after
appropriate dilution onto 100 mm culture dishes. Cells
(between 100 and 10,000) were seeded per dish in order to
obtain between 30 and 100 single well-separated colonies
per dish. After 9 (+1) days, colonies were fixed and
stained. Colonies data normalization and

were

were

counting,

statistical evaluation were performed as described

previously?.

Results and discussion

In this study, we investigated several potential epigenetic
modifiers before. Herein, this annual report will highlight
the results of a HDACI trichostatin A (TSA). Treatment of
B16F10 melanoma cells with TSA in combination with
heavy-ion radiation provided enhanced inhibition of colony
formation (Fig. 1). These data suggest that combination of
an epigenetic modifier TSA together with heavy-ion therapy
may provide improved therapeutic responses in melanoma
patients.

References
1) L. S. Kristensen et al., Eur. J. Pharmacol. 625 (2009)
131-42.

2) K. Saito et al., JAEA Takasaki Annu. Rep. 2012
JAEA-Review 2013-059 (2014) 80.
I In.s.

additive

:I**
*

synergistic synergistic

Fig. 1 The effect of TSA on radiosensitivity for BI6F10
cells in the concentration that reduced colony formation
by 10% alone (a) and by 20% alone (b). *P < 0.05;
**P < 0.01; n.s., not significant.
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Effect of Heavy Ion Irradiation to the Silkworm Eggs at

before Fertilization and at Nuclear Cleavage Stage
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We reported that the heavy ion-irradiated silkworm eggs (10 Gy of carbon ions) at just fertilization restart the

development after short time delay, with imperfect repair of DNA damage.
In this study, we investigated the effects of irradiation to the silkworm eggs at

after cellular blastoderm stage by apoptosis.
various developmental stages.

First, we tried the irradiation to the unfertilized eggs (at 1.5 hour after oviposition).

Then, the eggs having damaged DNA died at

At this

stage, the female pronucleus and the sperm nucleus are observed in the eggs, but not fertilized. After irradiation, the

irradiated eggs stopped the development after fertilization.

About 2 hours after, the egg restarted the nuclear cleavage.
This result indicates the DNA damage on pronuleus cannot prevent the fertilization.
irradiation to the egg at the nuclear cleavage stage (at 6 hour after oviposition).

We also investigated the effects of
The egg also stopped the development after

irradiation, but the duration time of the developmental arrest was almost two times longer (about 4 hours) than that of the egg

irradiated at fertilization.

BB IO ORI S BRI UL BT TH D
N, ZOFHEREI IR TETHD, FITHE 10 Gy
FREORPIZIBWT, SO X° BmN4 7280 B BEG A
RoH A gy BT L A PN OO L BR AT BRI IR 72 & 0D FE i A
FEOBE AT W TT D, AT B gEA LR8N
ENDD LD ITHE T A0 T D7 L | W LB N &S A8
TRORRSD THLRZEY Y,

EFEOIIINETHET 2 FEZOIA T AT
10 Gy DIRFAF > & RET DL ERFH DI AAZ 1L D%
HAEEZFHRATHILOD, HEOBEEITIRELTHY, £<
DIFPWAL T DL/ BIET HZem WG LT, FI-EF
X ZNBOBBEIIDS G | FAEYIMNCEIET DI TIX
ey SN BE i | R EN N ST i) D (ABY A 1=K = e a)
ZEEHLNT LT, SOITHEERE  FEAWIINCESET DR
FINCB T AEEZ OB LR, ET
12~13 5 OIRFTINC IS TE 45D TUNEL BR: 7 e
I BEERTRIN—L R LOPERSNAZ LR B B
Wzl

ARHFGE T, DA HRAEINC BT DI R x 4
BISEDEMESSIZHLMCT L, ZHEE AL 2%
NN RN IR A1 THZ L CE DB Z R A LT,

FET 2 RRBICRBAT L ZRELIEAS . RO
IR AR AT ESE 5, PE T 2 BRI H 1O & %0
W THDHID, AL T DR 2L O INTIEZ
AT ORERITEE LONRIEZ I IR A A DRSS A REPE A
BD, T T, MEFRITZRERITCHLME T 1.5 BB OI A2
PR~JRFIEAA %10 Gy BRETL, ZOFEEfHIELT-, L)
L. RN I 1 DI LR AFAE LG R AV O
FEERITHI 1/4 EFTIR T L, B{E=ELH 20% Th o7z, Zhb
OFEIFFET 2 ReRBICIRE LG8 XL E N, &
DOZEIY | IR R L UOERIEE ~ ORI BT LA
ERBLUINZE BRI E R IR S-S E X
DY ELIRDTEMB LTI T2,

LR OUFIIZ IR INCIB VTS DNA HED
BEEMTONDLZEERE TS5, T2 C DNA S8 LBI# 4
HERONDRAINO R ARIE LT E LT, TOFER, &
T 1.5 R4 B IR CIRFERR I IR L LEls 3~ 5 &S L TR
2 B OFRAERIENFBD SN, LT, ZHEATIRET IR
BOTH, EIDDOXAIL T TEHETF v 7 RA L RMEIK
EZHND,

PLRTDORFFEIZ IV TIRE N N 50 T 8 EH
BOIATIRD—ERDRZIZ 500 Gy EVVIEMREDRKFA
FUE DR L, EOR LA LT, ZORE, BHIC
JOEEEZ T ITE R e R P ESh >, AR
DHMFEDJE L L [FFHL T DNA HEA#0IEL B R kL
RBTLENBIERINTND, ZORE, FBABIEITRO LI
TV, 22T, NS HZH B OIfc B W TEE
F 2 VIRAL NIMB ONEHEDD DI BN PNEE 55 4
HWITHLET 6 FF#Z DI 10 Gy DIRFBAA 2L D4
RBFEITV, TOBOREEHAE L, TOR K, FER
HPRE LB L CHHOMNR R AR FRO DT, THE,
PR N BV THZ R L AR ET = 7R
AV MBI Z BB,

NN HB DI TIX, R RA L2 ERHE T D
DB FETENFRO BT, I AT HIFE AN
— OO (I NIZZL DN TFIET D L% IREICH
Do JRERIRGT S I AL PR AE DS FR O DR WEL I, A2
ZLDIEF IR INMFIET DD EEZBNDN, T DOFEM
IZIERIEARAZR SHRHY, 5% OMEREES 25,

AUFFRANZLD , A2 FE AT BN THER 2 722
TV CIE R E L D5 BTN FET DI LM
AT, —H T BAELZRALEINOZINEIFETHIL
b, TOBHELEETE T OFRFREREIIZZ OEER A
%, F, MiEERBBNEERERO—D2 DX A
TTHDHEEZLNDN, TOMELARALEETHD, &
BIXZD 2 HEH MR EED DT E THD,
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the Injured Cells Irradiated by Carbon-ion Micro-beam
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In this present study, we examined the effects of heavy carbon-ions on development in pre-implantation period utilizing

medaka blastula stage embryos (st. 11: blastderm diameter is about 500 pm).

We performed targeted irradiation by

carbon-ion micro-beam (diameters of 120, 180 um) to a central parts of blastoderm and observed the abnormalities during

development compared with whole-body irradiated embryos.
were observed during development when blastoderm cells were partially irradiated.

As a results, retardation and characteristic malformed eyes
However, more than half of

50 Gy-irradiated embryos (area size=120 um diameter) could hatch normally in contrast to all embryos with 2 Gy of

whole-body irradiation being lethal before hutching.

1950 18D Russel ) B2 ToT-~ T AMIEED RS
B 2 U R A T SR TR 05 . B PRATHII “all
or none” CHEATEME TRV, EEIUTEZ0 1990 FANEE -,
PR BT IR S R FRB U7 B FEBR D |, 25 R AT
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R IE< IV B EZ RN FH W2 ENHLMNIZR > T
W52, 3 RRTH O TR SR E< BRI TR 1T~ A%
WTEBITONTHWER, MR ENTRAET DR
BER L THELR2TIRLT . MEENLEEERAE

DO MEBETHLILIIREE CTH o7, TI T, WAMESL
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FEIEAICBERTTREZ R AL I MR RS 24T 0%
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HAIRFE LRI LICIX E SR o 72, IR AEOFEM7 28152
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VARSI 0} 70 A e TR = U g k1) ) o A I R VAN
fﬁ, IXBLIER iR/ ST T ORIKE AT ET

THAT T B e RS (Fig. 1),
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Fig. 1 Characteristic effect of whole-body irradiation of heavy
carbon ions to blastrula stage of medaka embryo (st.11).
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Introduction

The track structure of high-LET radiation is generally
recognized to consist of a core region with high ionization
density and a penumbra region, where secondary electrons
mainly contribute to energy deposition, with relatively low
LET nature. Biological effects of high-LET radiation
could be understood in terms of the track structure.
Therefore the evaluation of the contribution of both regions
to biological effects is an important issue for the study of
high-LET effects.
penumbra was strongly suggested by our study which

The significant contribution of the

claimed that indirect action mediated by OH radicals
accounted for about 50% of cell killing by heavy ions with a
high LET of 440 keV/um" and even at the very high LET of
2,106 keV/um 32% of cell killing was attributed to indirect
action?, in spite of decrease in G value of OH radical. To
evaluate the contribution of OH radicals more directly, we
measured the production of 8-hydroxydeoxyguanosine
(8-OHdG), an oxidation product of guanine, in culture
mammalian cells irradiated with high-LET ions. The
results showed that the yield of 8-OHdG depended on ion
species even with the same LET (unpublished observation).
To confirm the production of OH radicals in the penumbra
region whose size depends on ion species, an
immunofluorescence method using 8-OHAG antibody is
effective to visualize the area of OH radical production. In
the present study, we developed a protocol to make a
uniform DNA sheet with insoluble nature in aqueous
solution, and explored the applicability to the detection of

8-OHdG distributions after heavy-ion irradiation.

Materials and Methods

Water-insoluble DNA sheet is formed in the presence of
The
DNA sheet was uniformly made on a cover glass as follows:

cationic lipid, dilauryldimethylammonium bromide?.

The solution of DNA-lipid complex enters very narrow
space between the cover glass and the attached Teflon®
sheet by capillary phenomenon. After drying organic
solvent, the Teflon® sheet can be easily detached from the
DNA sheet®. The DNA sheet is exposed to Bouin’s
fixative before irradiation, which possibly increases
penetration of antibodies into the sheet.

Irradiation of heavy ions was performed in PBS solution
at TIARA with 20 MeV protons with an LET of
2.77 keV/um and with 260 MeV neon ions with an LET of

437 keV/um. In addition, in the case of neon, microbeam

After irradiation DNA
samples were incubated with an 8-OHdG antibody followed

irradiation was also carried out.
by with a second antibody containing a fluorescence probe.

Results and Discussion

In advance of the experiments of ion exposure, X-rays of
20 Gy were irradiated to DNA sheet.
non-irradiated sheet, uniformly increased fluorescence was

Compared with

observed, confirming the validity of the method we have
developed. Figure 1 presents preliminary results of proton
and neon irradiated samples.  Upon ion irradiation
randomly distributed dot-like fluorescence was observed,
The

sizes of the dots are in the range of a few microns, which is

suggesting that these dots may be from incident ions.

in accord with calculated penumbra region®. Note that the

outer parts in the dots seem to have more intense
fluorescence, which may reflect that 8-OHdG was produced
preferentially in the outer penumbra region. At present,
any difference was not observed among ion species. Panel
Although

the number of particles on each irradiation point was not

C shows the image for microbeam irradiation.

identified, significant reduction of fluorescence in the center
region and increase in the outer region of each hit area was
apparent. The major problem is that dose dependence of
the number of the dots was not clear, which remains for

future study.

Fig. 1
microscope.

Observation of DNA sheet with fluorescence
(a) proton with 3.8 Gy, (b) Ne ion with
60 Gy, (c) Ne microbeam. Scale bar: 10 pm.
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The Sleeping Chironomid, Polypedilum vanderplanki can
stand complete desiccation (anhydrobiosis) and also shows
radio-resistance e.g. both larvae exposed to 9 kGy of %Co
gamma rays and 4.5 kGy of high energetic He ions could

1.2), However, a comet

revive for 2 days after rehydration
assay revealed that both desiccation and heavy ion
irradiation cause severe DNA damage in cells of the larvae
and that post-anhydrobiosis and post-irradiation recovery of
nucleic acids takes at least for a few days>. Non-irradiated
dry larvae after revival also possessed cells with severely
damaged DNA, with a level of fragmentation comparable to
those exposed to 70 Gy of He ions. ROS generated upon
dehydration of cells are probably a major cause of the DNA
fragmentation, as the ROS-elimination system, i.e. catalase,
Cu/Zn-superoxide dismutase and glutathione peroxidase
were abundantly expressed upon anhydrobiosis * and

irradiation®.

We also recognized the expression of two
other genes involved in DNA-damage recognition and repair
upon anhydrobiosis and irradiation, i.e. Rad23 and Rad51.
We have generated cultured cell (Pv11) originated from
P. vanderplanki embryo® which can also stand complete
dehydration (Fig. 1).
radiation tolerance ability of Pv11 cells, we have exposed
the dried Pvl1l cells to different doses of He ions and

followed by rehydration to see the viability rate (Fig. 2).

As it is of interest to know the

At the present system, very low recovery rate less than 10%
could be achieved after rehydration in anhydrobiotic Pv11
slowly
dehydrated larvae that can achieve almost 100% recovery
Although irradiated dried Pv11 cells
could recover after rehydration at slightly lower rate than
Pvll
samples exposed to 70 Gy and 160 Gy irradiation achieved

cells even without irradiation in contrast to

after rehydration.
control, even 480 Gy sample initiated proliferation.

proliferation as quick as the control within one week after
rehydration. Pvl1 cells exposed to 480 Gy showed a much
slower recovery because of greater DNA damage so that
normal proliferation started about 2 weeks after rehydration.

To clarify radiation tolerance mechanism at molecular
level cultured cells are convenient as material samples due
to its easy interpretation, as the cells are homogenous in
characteristics. Moreover Pvl11 cells can be handled much
casier as it can be stored in a complete dried form at room
temperature. In addition, it is possible to investigate the
DSB repair mechanism of Pv11 cells that start proliferation

even after expose of 480 Gy of He ions.

We believe that Pvll cells would be a useful tool for
studying not only radiation tolerance mechanism but also

application, e.g. a biological monitor for radiation.

Fig. 1 Established Pvll culture cells originated from
anhydrobiotic Polypedilum vanderplanki embryo.

1)

70 Gy

10

0 I
0Gy

Fig. 2 Viability rate of dried Pvll cells exposed to

a

=

Viability (%)

N

160 Gy 480 Gy

different doses of high energetic He ions at 1 day after
rehydration.
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The nematode Caenorhabditis elegans is a good in vivo
model system to examine radiation effects on vital functions
such as locomotion, feeding, learning and memory. Using
C. elegans, we recently investigated the radiation effects on
locomotion (snake-like crawling motion) and found that
whole-body irradiation significantly reduced locomotion .
Furthermore, we focused on the pharyngeal pumping motion
(chewing and swallowing), which is a rapid periodic motion,
and found that the proportion of pumping-motion arrest
increased after whole-body irradiation. As the next step,
we started to examine whether or not the effects observed
after whole-body irradiation could be induced by microbeam

irradiation to a very limited region®?.

In this report, we
summarize the results of microbeam irradiation experiments
we carried out in the past few years.

Young adult wild-type C. elegans were used in all
experiments. To investigate the effects of region-specific
microbeam irradiation, we used energetic carbon ions ('2C*",
18.3 MeV/u, LET = 119 keV/um) generated at the HZ1 port
of TIARA. To inhibit free motion during irradiation an
animal was enclosed in a ditch (approximately 60 pum in
width) of a polydimethylsiloxane microfluidic device® with
buffer solution. The 'head' region including the pharynx,
'middle' region around the vulva and intestine, and 'tail'
region were targeted independently; these regions were
irradiated with 12,000 carbon ions corresponding to 500 Gy
at a 20 pe micro-aperture region. For comparison with
microbeam irradiation, whole-body broad-beam irradiation
with 500 Gy of carbon ions (*C**, 18.3 MeV/u, LET =
113 keV/um) was also carried out using HY1 port of
TIARA.

placed on an agar dish without food immediately after

In the case of locomotion assay, an animal was
irradiation. The locomotion was video-recorded and 'body
bends' in locomotion, which is defined as the number of
bends in the anterior body region at 20-sec intervals, was
counted. In the case of pharyngeal pumping-motion assay,
an animal was placed on an agar dish with a bacterial lawn
(food) immediately after irradiation. Continuous shots of
the pharyngeal pumping motion were obtained using a
high-speed camera and the frequency of the pumping strokes
per 1 sec duration was counted.

Locomotion reduced after whole-body irradiation, but did
not change after either case of the region-specific
On the other hand, the

proportion of pumping-motion arrest

microbeam irradiation (Fig. la).
increased after
whereas

head-irradiation, the pumping motion after

middle-irradiation or tail-irradiation did not change (Fig. 1b).
This suggests that an increase of the proportion of
pumping-motion arrest after whole-body irradiation reflects
radiation effects on the head region.

Main findings in this study are the following: 1) Effects
of the
depending on types of motion, and 2) effects of whole-body

region-specific microbeam irradiation differ
irradiation tend to be more effective than those of the
region-specific microbeam irradiation at the same irradiation
dose. Further studies on the mechanisms underlying the

radiation-induced changes of movements are required.
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Fig. 1 Locomotion and pumping motion in C. elegans,

immediately after whole-body or region-specific (head
or middle or tail) irradiation with carbon ions. (a) Box
plot of body bends in locomotion and (b) box plot of the
frequency of pharyngeal pumping motion. » means the
total number of animals that were tested.

References

1) T. Sakashita et al., Biol. Sci. Space 26 (2012) 7-11.

2) M. Suzuki et al., JAEA Takasaki Annu. Rep. 2011
JAEA-Review 2012-046 (2013) 77.

3) M. Suzuki et al., JAEA Takasaki Annu. Rep. 2012
JAEA-Review 2013-059 (2014) 84.

4) S.R. Lockery et al., J. Neurophysiol. 99 (2008) 3136-43.

,88,



JAEA-Review 2014-050

3-19

Dose Responses of Irradiated Fresh Papaya Recorded on

ESR at Different Temperature
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Electron spin resonance spectroscopy (ESR) has been
utilized as a detection method of irradiated foods, measuring
stable unpaired electrons induced by radiation. However,
there is a problem on ESR measurement for the water-rich
foods since the microwave input is absorbed to water
molecules as of its vibration and rotation. We have
examined two techniques to solve the water problem. One
is direct measurement of the flesh at liquid nitrogen
temperature in order to fix water-molecule’s movement.
When y-induced long-lived radicals exist in the fleshes,
those might be detected in liquid nitrogen. The other is
measuring the powder of fruit fleshes at room temperature
after freeze-drying. Additional radicals could be induced
in the powder during the grinding of irradiated fleshes. In
two ESR detection methods for fresh fruits, dose response
curves of signal intensities were obtained independently'?.
Three responses show the direct proportional relationship
(Fig. 1), except for main peak signals of freeze-dried
powders (data not shown). In this study, we examined
whether y-induced radicals of papaya fleshes are changed
after different sample preparations.

Fresh papayas were cut into 4 pieces and exposed to “°Co
y-rays with the dose rate of 2 kGy/h at room temperature at
Takasaki Advanced Radiation Research Institute of JAEA.
The total absorbed dose was controlled by the irradiation
period. After the irradiation, the papayas were kept at 4 °C
for 0 to 14 days. To freeze-dry the papaya, fleshes were
stored in -80 °C for at least 1 h and then kept under vacuum
for about 15 h. The dried fleshes were powdered and put
into an ESR tube. Otherwise, small piece of fresh papaya
was directly put into an ESR tube to be measured in liquid
nitrogen. ESR system of RE-3X and the substitute
pulse-controlled magnetic field system (JEOL) were used.
Those ESR parameters are summarized in Table 1.

Concerning ESR measurement, physical sensitivity
increases at lower temperature since the ratio existing
between o- and B-spins of electrons relates the excitation
with the microwave input. To evaluate the physical
sensitivity, a typical specimen was measured in liquid
nitrogen (77 K) and the ambient temperature (297 K). As
the result, signal intensity of central singlet line at 297 K
was almost a half of the intensity at 77 K, despite of
10 times high microwave input (Fig. 2). Next, to estimate
the signal intensity caused by a sample load, water content
of papaya’s fleshes was measured by the weight before and
after a lyophilization, indicating that 87% of the fresh flesh
was water. Therefore, 7.6 times much amount of wet flesh
can be loaded into an ESR tube as dry specimen per weight.
Based on the synergistic effect of the specimen’s amount
and the physical sensitivity, it was expected that the
freeze-dried powder specimens give 3.7-fold higher signal
intensity than the frozen flesh specimens do in liquid
nitrogen. When this estimation is applied to a 3-kGy

irradiated fresh papaya at 77 K (signal intensity: 12), the
freeze-dried papaya specimen is calculated that the intensity
becomes 44. As shown in Fig. 1, actual intensities of right
and left side peaks were 43 and 30, respectively. Therefore,
the right side peak intensity is good agreement with the
estimation. This consideration suggests that the radicals of
right side peak in the flesh’s powder correspond to those of
a side peak in the water-rich flesh. In other words,
y-induced radicals of the side peak are not affected by the
sample preparations. This study indicates that the ESR
detection methods for fresh fruits are reliable as a
quantitative measurement.
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Fig. 1 Dose responses of side peaks measured from
irradiated papaya fleshes at different temperatures.
(Replot from ref. 2).

Table 1 ESR parameters used at 77 K and 297 K.
ESR Parameter 77K 297K
Microwave input (mW) 0.01 0.1
Center field (mT) 329 337
Sweep width (mT) +5 +5
Sweep time (min) 1 1
Modulation width (mT) 0.5 0.5
Amplitude 1000 400

Fig. 2 ESR spectra of a 5-kGy irradiated waterless

specimen recorded on each ESR parameter setting.
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Radiation induced radicals in irradiated foods were analyzed with Pulse-ESR. The specimens were rice and wheat flour.

We also analyzed 22 kinds of amino acids contained in foods to compare with the food specimens.

was 50, 100 and 200 kGy.

We could not detect any signals in all specimens before irradiation treatment.

Radiation dose level
Upon radiation

treatment one broad signal was detected. Using Pulse-ESR, we succeeded to detect field swept echo signal in some

irradiated amino acid specimens and to analyze the relaxation times (T; and T,).

analyze the radiation induced radicals in irradiated foods.
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Fig. 1 Field-swept spectrum of irradiated glycine.
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Lung microvascular endothelial cells (LMECs) play an
important role in preventing an injury by air pollutants
through respiratory organs. We succeeded in isolation and
culture of LMECs from C57BL/6] mice. However,
LMECs from ICR mice were difficult to culture. We
hypothesized that levels of some trace elements in LMECs
from ICR mice might be less than those from C57BL/6J
mice. To prove this hypothesis, we tried again to culture
LMEC:s of the two kinds of mice strained on polycarbonate
membranes. There is no report about distributions of trace
elements in LMECs not only of mice but also of other
animals. In this report, we searched what kind of element
exits, and measured the amount of the trace elements in
LMECs using an in air micro particle induced x-ray
emission method. In addition, we observed change of trace
element distributions in LMECs by nicotine treatment. In-air
micro-PIXE was developed at the Takasaki lon Accelerators
for Advanced Radiation Application (TIARA), JAEA.
Micro-PIXE allows analyzing the spatial distribution of the
elements quantitatively.

Mice LMECs were isolated using a modification of the
technique described by Magee et al V. The methods of the
sample preparation for micro-PIXE analysis were described
in a previous report?. This time, we tried to calculate the
amount of trace elements in each cell which came from ICR
mice or C57BL/6J mice. After stimulation of nicotine 0, 2,
20, 200 pM, levels of sodium, chloride and calcium in cells
almost the same kinetic changes when we draw the
comparison between the cell from ICR and the cell from
C57BL/6J (Fig.1). However, the levels of phosphorus and
sulfur in LMECs from C57BL/6J are higher than those in
LMECs from ICR at normal condition (Fig. 3).
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Fig. 1 Levels of sodium, chloride and calcium in LMEC s
coming from ICR mice or C57BL/6J mice after treated
with nicotine 2, 20 and 200 uM for 15 min.
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Fig. 2 Trace element images in a single LMEC from ICR
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Fig. 3 Levels of phosphorus and sulfur in cells coming
from ICR mice or C57BL/6J mice.

Figure 2 showed the images of all the elements in a cell
that were detected in the micro-PIXE method. The cell was
marked with a white circle in the phosphorus image in Fig. 2.

From these results, it is suggested that sulfur plays an
important role in controlling LMECs proliferation. Sulfur
is a component of heparin. C57BL/6J mice have a higher
histamine level than that of ICR mice (unpublished study).

On the other hand, manganese was detected in both of
LMECs which came from ICR mice and C57BL/6] mice
treated 2 uM nicotine (data are not shown). These results
seemed to suggest that the super oxide dismutase exists in
LMECs, too. This report is a preliminary result of trace
element levels and nicotine effects for mice LMECs. We
will do further experiments and present results in near
future.
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Introduction

Fluorine in fluoride-containing filling materials (FCFMs)
tooth
demineralization preventing effect, which is important from

can penetrate the structure and produce a
a clinical use point of view as the tooth structure is rendered
spongy and sensitive to its environment by acid attack.
The purpose of this study, therefore, is to evaluate the
distribution of fluorine in pre-acid treated enamel under
FCFMs by means of the in-air micro-PIGE/PIXE system at
TIARA.

Materials and Methods

Class I surface cavities in extracted human molars were
first drilled, and then the tooth surface was demineralized in
a buffer solution (0.2 M lactic acid, 3.0 mM CaCl,, 1.8 mM
KH,POy4, 2% carboxymethyl cellulose, pH 4.5) at 37 °C for
72 hours. Three fluoride-containing materials, namely
“Fuji IX extra (GC)” (EX), “Fuji IX (GC)” (FN) and “Fuji
VII (GC)” (VII), were then used to fill the cavities, with a
“Clearfil AP-X (KURARAY)”,
providing a control. The filled teeth were stored in a
phosphate-buffered saline solution (pH 7.5) at 37 °C for
24 hours, after which 200 pm thick single sections
incorporating the FCFMs were obtained from each tooth.

non-fluoride material,

The distribution of fluorine in the outer surface and cavity
wall of each specimen was then evaluated using a proton
induced gamma-ray emission (PIGE) technique".

Results

Figure 1 shows the typical distribution of fluorine that
was obtained in the outer surface and cavity wall of each
FCFM, with all showing some evidence of fluorine in the
tooth. The EX group shows more fluorine and a greater
depth of penetration (~50 pum) at the outer surface than the
FN and VII groups, but less fluorine than the other groups at
the cavity wall.
outer surface, but only to a very limited depth, with the
majority being present at the cavity wall.
evidence of fluorine in the outer surface of the VII group,

The FN group also shows fluorine at the
There is no

but it does exist at the cavity wall. As expected, the control
group did not show any evidence of fluorine, and thus its

results were omitted.

Waterial

Tooth

Cavity Wall

Outer surface

Vil
Ca
F
Fig. 1 Elemental PIGE maps of the teeth and

fluoride-containing filling materials (FCFMs). The
white dots represent PIGE signals from calcium
fluorine.

Discussion

These results suggest that the distribution of fluorine is
determined by two different pathways: direct to the enamel
or through solution. By utilizing both pathways, EX can
provide a wider area of fluorine distribution than other
FCFMs. This variation in the distribution of fluorine will
also directly influence the demineralization preventing
effect.
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Introduction

The clinical trial of Boron Neutron Capture Therapy
(BNCT) for glioblastoma and other malignant tumors was
performed and the result is promising.” We have been
developing an accelerator based neutron source for BNCT.
The patients dose has been determined by neutron flux and
blood boron concentration during irradiation. The range of
boron concentrations has been about 10 to 40ugB/g tissue.
We could use prompt gamma ray analysis on nuclear reactor
based BNCT, but boron measurement methods have not
been established on accelerator based BNCT. We have
already reported that the boron and gadolinium can be
detected and that 2 dimensional images are taken using
micro-PIXE/PIGE.? To evaluate the possibility of PIGE
for boron clinical BNCT, the
boronophenylalanine(BPA) resolved within a cell culture

measurement at

medium was measured using PIGE. From the point of
accuracy of clinical dose planning system, if this
has statistical precision of 5%
measurement time within 10-20 min, there is a possibility of
application of PIGE to accelerator based BNCT.

measurement and

Materials and methods

(1) Boronophenylalanine was resolved in a cell culture
medium (Dulbecco's Modified Eagle's Medium containing
10% of Fatal Bovine Serum, 10 mg/L of penicillin
streptomycin) and was dripped and dried on polycarbonate
membranes. The boron concentrations were adjusted to 0,
18, 37.5, 75, 150, 300 pgB/mL. The samples were
irradiated with a 1.7-MeV proton beam collimated to 1 pm
in diameter and the emitted gamma rays were detected.

(2) U251 and CT26 cell lines were cultured on the
polycarbonate membranes. These cells were treated with 0,

25
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R?=0.85689

Count ratio (%)
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Fig.1 The count ratio of boron yields to total ones detected
by PIGE in air measurement.

38, 300 ugB/mL of fructose-BPA complex (f-BPA) for
120min. with or without phosphate buffered saline washing.
The samples were fixed with acute freeze-drying. These
samples analyzed wusing the micro-PIGE.
Micro-PIXE/PIGE analysis was performed at Takasaki Ion
Accelerators for Advanced Radiation Application (Takasaki,
Japan).

were

Results and Discussion

(1) 18 pgB/mL of f-BPA in the culture medium was
detectable (Fig.1). The ratio of boron yields to total ones
increased in a concentration-dependent manner. Though
statistical precision within 5% was not accomplished in this
experiment, PIGE has a potential to measure clinical
concentration level of blood (10-40 pgB/mL). Further
examination was needed. Measurement periods were 5 to
17min (data not shown). It meets the basic requirement for
clinical application. (2) Two hours’ f-BPA exposure
makes a boron existing image by PIGE. A boron image
revealed that boron remained at the cells (Fig 2).
could not distinguish between boron on the cell membrane

But we

and boron in the cytoplasm, because the sample was dried
and flattened. But boron cannot be detected for the saline
wash group. It suggests that under the 2 hours’ f-BPA
exposure, boron atoms exist only on the surface of cell
membrane and washing process removed the boron.
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200pmx200pm

Fig. 2 (Left) The distribution of phosphorus atoms in
human glioma cell line (U251) samples. Potassium
(middle) and boron (right). Coexistence of phosphorus
and potassium means the existence of a cell. Boron
atoms were attached to the surface of the cell membrane
and were solved in medium.
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The aim of this study is to prove the pathogenesis of lung injury induced by inhaled silica through the investigation of
chemical change over time of inhaled silica in the lung. Silica particles were suspended in physiological saline and
ultrasonicated prior to use. The suspension was transnasally administered to mice on days 0 and 1. Control mice were
administered saline on the same days. On days 7 and 56 the animals were sacrificed. Specimens from mouse lung tissue
were embedded in paraffin, and cut into sections 5 pm thick. Each section was dried, placed onto a 5-um polyethylene
terephthalate film, and fixed in the sample holder for in-air micro-PIXE analysis. Then the sample was irradiated with a
proton microbeam. By the micro-PIXE analysis, the localization of much Fe was found to correspond with the sites of Si in
the lung on days 56 in silica—treated mice, but not on days 7 in silica-treated mice. As a result of H-E staining and micro
PIXE analysis, the localization of Fe deposited Si in silica-treated mouse was not found to correspond with the sites of
prominent accumulation of macrophages. These findings suggest that the accumulation of Fe on inhaled silica is important
to induce the chronic inflammation through reactive oxygen species and that the lung injury at the site of accumulation of
macrophages is induced by other mechanism except apoptosis through Fas.

1. ERLEW ~ /a7y —V OEBPALNTBEALIZ LT LY Fas
T ARAKOW L, AT DJRR &R0, L YeaBthe —B LWL EIE LT, LL D, Si 2k

DBFEIETH 10 FLDDHTEMn0, THDeRFIRIEH ) EEOMTEL T, St ICBBERT 5L T IR RE

EbEbiv, RERIESMETHS, FHRZE-CHREME 20 UEBHREL BRI T TOAATREMES RIBS LT, Si

I, BINOT ARANOFIE, &, HFfi7eE %z, AMikfk o~ rerr—UEREMOMEFIZIX, 490 Fas &

WTRETOLERSAN, M Thholz, Fxid M AT R— ZAORE 2 TRV ATREMD RS T,

SEATEOE N B AR IWFSEB 58 L O L [RIAFZE T, [i] Reference

FEREDBIRE LTIZ KK~ A7 PIXE #rfiiaic AL C, 1) Y. Shimizu et al., Respir. Res. 12:88 (2011).

¥ mg ORFRREDFOTARLBBITRO _RTHTE.  gjig

1 um @ﬁg{%&ffﬁ{%{t¢5%$ﬁ{£%%%b\ ﬁﬁf?ﬂﬁ) 37 Fig. 1 Amount of Si in

T WAL T ARANE FALA#E I AFTE L2 £ Tl

{bF2ZLITmEI LTz, 715 (Si) D AT S AE &R 2

HEALZBIZAR T, Si 1Tk o CHRESNDMIMEERIED

AN =X BD—DIZ, Si BB SY (Fe) BSFEALAFY

BN ASE BRI T R — 2% 5[ &I 2en - mice. The amount of S

IR TND, Fox i, RN ~BASNIZS Y B DAL N | | is background of tissue.

FEACZRRFT UG & el 352 & T UL DMk T T

EDJFEREZ LM LEIE L, ' control

2. FiE FelSi -

ST ARILY AT B A K (PBS) I LR BAtSi, FidFe )|

WL 1.5 mg/g Body weight & C57Bl/6 <7 AITH% & AR - E 0084 i
|
|
|

the lung tissue on day 7.
The ratio of Si against S
is significantly increased
in the silica-inhaled

W

FIZEE G- LTz, 2 hr—L e L C PBS &M 5 LT,
LA H & 8 I H Offiffkh o V& KK~ A7 PIXE T
AT U7, FifEfk X8k 2 (Belin blue stain) . $T Fas 11K
TYLT,
3. RLBE

1 i F ORI T, o b LBHCHBELT Si % 10 um
ARECTHEZR St OULAEDTBOBNT2 (Fig. 1), Fe DL * Wikcoxon signed rank o
RSV oTC, 81 H O ST T, Tl A Ik Fig. 2 Co-localization of Fe and Si in silica administrated
]“T Silo—ELCHEIC Fe E TSN (Fig. 2). mouse lung tissue on days 56 (Left). Deposition of Fe

T B OffikHgk Iz, SR TIROBEEE R T il on Si proceeds with time (Right).

g

8
N

8
>

,94,



JAEA-Review 2014-050

Analysis of Erythrocyte in Hepatitis C Patients Receiving

Triple Therapy Using In-air Micro-PIXE

S. Tomioka ¥, T. Nagamine , M. Koka ™ T. Satoh ” and T. Kamiya "

% Graduate School of Health Sciences, Gunma University,
b) Department of Advanced Radiation Technology, TARRIL, JAEA

1. Introduction

Chronic hepatitis C (CHC) patients treated with
pegylated-interferon and ribavirin (Peg-IFN+RBV) and
telaprevir (Peg-IFN+RBV+TPV) are frequently associated
with anemia; however, the precise mechanism of anemia is
not determined. In this study, we have analyzed the
elemental changes in erythrocytes to investigate the
pathogenesis of anemia caused by combination of Peg-IFN
and anti-viral drugs.

2. Materials and Methods

Ten CHC patients (7 cases treated with Peg-IFN+RBYV, 3
cases treated with Peg-IFN+RBV+TPV) and 4 healthy
Whole blood was
collected via peripheral vein, and samples for PIXE analysis

controls were enrolled in this study.

were prepared according to our method.”  Elemental levels
in erythrocytes were determined by the method of Iwata et
al.?  Elemental distributions in erythrocytes were analyzed
by in-air micro-PIXE at JAEA-Takasaki.

3. Results and Discussion
1) Elemental maps of erythrocytes (Fig. 1)

The shape of erythrocyte, so-called the donut-like, fitted
well with Cl, S, and K dots in healthy controls.
Small-sized erythrocytes were shown in the Peg-IFN+
RBV+TPV cases. In addition, Cl, S, and K dots tended to
diffuse over the erythrocytes in the Peg-IFN+RBV+TPV
cases. Na dots were increased in the Peg-IFN+RBV+TPV
cases compared with the Peg-IFN+RBV cases. Fe dots in
erythrocytes were distributed granularly divided into 3-4
particles in all the cases.

2) Elemental levels in erythrocytes (Fig. 2)

The Peg-IFN+RBV cases showed an increased level of
Cu compared with the healthy controls. Ca, Fe, and Zn
levels were higher in the Peg-IFN+RBV+TPV cases than in
the Peg-IFN+RBV cases.

In conclusion, the spreading distributions of Cl, K and S
dots over erythrocytes may reflect the alternation of
erythrocyte membrane. Fe, Ca and Zn levels in
erythrocytes were higher in the Peg-IFN+RBV+TPV cases
than in the Peg-IFN+RBV cases, suggesting that the
pathogenesis of anemia was different between
Peg-IFN+RVB therapy and Peg-IFN+RBV+TPV therapy.
Since Fe maps were similar among all the cases, iron
deficiency dose not participate in anemia associated with
Peg-IFN+RBV therapy and Peg-IFN+RBV+TPV therapy.
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The induction and repair of DNA-double strand breaks
(DSBs) are major determinants of cellular radiosensitivity.
Poly [ADP-ribose] polymerase 1 (PARP-1) is 116-kDa
nuclear protein that detects a broken strand of DSBs and
initiates their repair. AZD-2281, a potential inhibitor of
PARP-1, is a known radiation sensitizer.

We have been developing a targeted anticancer drug
delivery system', which uses microcapsules that release
anticancer drugs in response to radiation.
Irradiation-stimulated ~ release of AZD-2281 from
microcapsules subcutaneously injected around tumors
inhibits repair of radiation-induced DNA damage and
enhances the effects of radiation. In this study, we
evaluated the efficacy of combined encapsulated AZD-2281
and radiation therapy for the in vivo treatment of CLAU-6
tumors in nu/nu CBA mice.

A mixture of 0.2% alginate and 0.1 % hyaluronic acid
was prepared and 5 pmol AZD-2281 and 1 g L-ascorbic acid
were added. A droplet of this mixture was sonicated using
an ultrasound disintegrator and atomized using vibration to
yield a 0.1-M solution of CaCl, and FeCl,. Microcapsules
were imaged using a micro-PIXE camera in TIARA and one
of the images is shown in Fig. 1-A. Their mean diameter
was 1.4 £ 0.6 um. The capsules were subcutaneously
injected around tumors that had been inoculated in the left
hind legs of CBA mice. The tumors were then irradiated
with 400-keV soft X-rays at 10 or 20 Gy at the Center for In
Vivo Science, Iwate Medical University. The capsules
around the tumors ruptured in response to the radiation (Fig.
1-B), and released AZD-2281. AZD-2281 Kkinetics
measured in 5 tumors of the mice by using HPLC is shown
in Fig. 2. Before injection, AZD-2281 was not detected in
the tumors. Immediately after unencapsulated AZD-2281
injection (Fig. 2, m) plus irradiation, the concentrations of
AZD2291 significantly increased, then rapidly
decreased 2 weeks after the treatment (Fig. 2, m). In
contrast, encapsulated AZD-2281 exposed to 10 or 20 Gy

were

100.0 0.1 0.2 0.3 0.4 0.5

Fig. 1 Microcapsules imaged by Fe distributions using a micro
PIXE camera. A: Unirradiated. B: Irradiated.
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injection (Fig. 2, m). The antitumor effect was assessed by
measuring tumor diameters in 5 mice, and their average and
standard error were shown in Fig. 3. In combination with
10 or 20 Gy radiation, both unencapsulated and encapsulated
AZD-2281 had enhanced antitumor effects.

Tumor regression was delayed in mice receiving both
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Fig. 3  Antitumor effect: @ : control, M : Radiation only,

:Unencapsulated AZD-2281 only, Encapsulated
AZD-2281 only. —: Unencapsulated AZD-2281+Radiation.

: encapsulated AZD-2281+Radiation.
encapsulated AZD-2281 and radiation compared to mice
that received unencapsulated AZD228. Combined
irradiation and encapsulated AZD-2281 treatment had the
greatest antitumor effect 12 days after 10 or 20 Gy
irradiation. We speculate that the continuous release of
AZD-2281 from microcapsules resulted in an enhanced
antitumor effect. However, the shrinkage of tumors by our
treatment could not be observed. For better tumor control,
addition of anticancer drug to our combined treatment are

considered.

Reference
1) S. Harada et al., Int. J. Radiat. Oncol. Biol. Phys. 75(2)
(2009) 455-62.

,96,



JAEA-Review 2014-050

3-27

Development of Method for Plant Material Analysis

by Micro-PIXE (Particle Induced X-ray Emission)

T. Yamamoto ¥, H. Noda ?, J. Furukawa ®®, S. Satoh ®, M. Koka “,
T. Satoh  and T. Kamiya ©

L ife and Environmental Sciences, University of Tsukuba,
® Center for Research in Isotope and Environmental Dynamics, University of Tsukuba,
© Department of Advanced Radiation Technology, TARRI, JAEA

Plants need various trace elements. The measurement of
their contents and their localization analysis in plant tissue is
very important to identify their
micro-PIXE  (Particle Induced X-ray  Emission),
multi-elements can be detected at the same time and

functions. Using

visualized with high-resolution image, so it is very useful for
identifying where the elements are localized. In
micro-PIXE, especially samples are set on atmospheric
pressure condition, so various types of sample preparations
are acceptable for the analysis.

Previously, we analyzed a paraffin embedded section and
a frozen section of plant sample to compare the difference of
the sample preparations and to clarify the most suitable
condition for micro-PIXE at TIARA V.
section and a freeze section of a rice leaf blade were
subjected for micro-PIXE. In rice leaf blades, it is known
that silicon (Si) is highly accumulated at epidermis layer, so
the silicon layer was observed by micro-PIXE, too.

In addition, Si was not only localized at the surface of the
rice leaf blade, but in its mesophyll cell. About other
elements, potassium (K), Calcium (Ca), Zinc (Zn) and
Manganese (Mn) were detected as well.

First, a paraffin

Localization of Si
and Ca were not different between the paraffin section and
the freeze section, but Mn and K were more detectable in the
Such a difference
might be caused by the chemical forms of the elements. In
the paraffin section, the samples were fixed and dehydrate,
so the soluble form elements were flowed out. While in
the freeze section, the samples were not fixed and

freeze section than the paraffin section.

dehydrated, so soluble form elements were remained in
tissue.

As above, we developed the method for imaging element
localization in a rice leaf blade by a paraffin section and a

freeze section).

But, any other plant or tissue imaging was
not performed, so we challenged to develop the method for
imaging other plant and tissue by micro-PIXE, using
hypocotyl and root tissues of Lotus japonicus. In the root,
most elements may be soluble form to transport from a root
to a shoot, so it was needed to use a freeze section. The
freeze section did not adhere to polycarbonate film itself, so
polyvinyl acetate was used for adhesive because it can make
a very thin layer and contain only hydrogen, carbon and
oxygen, such a trait is not detected in the measurement of
trace elements by micro-PIXE.

Root and hypocotyl tissues of Lotus japonicus were

embedded in compound for a freeze section and sliced at

20 pm by a cryo-microtome. The section was put on the
polycarbonate film that was masked by diluted polyvinyl
acetate and dried up. The film was exposed by 3 MeV H'
In the root, K, Ca and Mn were detected by the

exposure for 40 min (Fig. 1).

beam.
These elements mainly
localized at outer layer of the pith of root. In the hypocotyl
of two Lotus japonicus cultivars, MG-20 and B-129, K, Ca
In B-129, K and Ca were localized
at whole tissue of hypocotyl, while, K was localized in outer
layer of pith and Ca was hardly detected in MG-20 (Fig. 2).
Manganese was detected in the area that K was highly
localized in both B-129 and MG-20.

In these studies, we developed the method that is

and Mn were detected.

extensively used for plant species and tissues. Especially, the
freeze section can be applicable for the soluble form elements,
such as K, and useful to analyze the element localization in
the root tissue, in that element might mainly exist as a soluble
form.
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Fig. 1 Micro-PIXE images of
Lotus  japonicus  root.
Exposure time was 40 min.
Each picture indicates K
(A), Ca (B), Mn (C) and a
merged image (D). In D,
red, green and blue indicate
K, Ca and Mn, respectively.
Scale bar is 200 um.

Fig. 2 Micro-PIXE images of Lotus japonicus hypocotyl
tissues of B-129 (A, B, C, D) and MG-20 (E, F, G, H).
Exposure time was 10 min. Each picture indicates K
(A, E), Ca (B, F), Mn (C, G) and Merged (D, H).
In merged image, red, green and blue indicate K, Ca and
Mn, respectively. Scale bar is 200 pm.
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Investigation of Elemental Distributions of

Cesium and Rubidium in Rice Grains by Micro-PIXE
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K. Kasahara ¥, T. Kamiya ”

, M. Koka ® and T. Satoh

2 Department of Quantum Science and Energy Engineering, Tohoku University
b Department of Advanced Radiation Technology, TARRI, JAEA

After the Great East Japan Earthquake and the accident at
Fukushima Daiichi Nuclear Power Plant (F1) on March 11,
2011, a large amount of radioactive cesium (Cs) was
diffused from F1 to all over Japan. Therefore many crops
were banned to be exported. Moreover several agricultural
spots have been hit by harmful rumors. This is how
Japanese agriculture has suffered great losses.
such losses and to develop efficient methods to
decontaminate crops, we should investigate the way of Cs
transition from soils to plants. For this purpose, we need
efficient and ideal methods for measuring Cs distributions in
plants’ cells and microstructures. We applied a
micro-PIXE method for analyzing Cs in crops.
Additionally, we also analyzed rubidium (Rb) since the
chemical properties of it are similar to those of Cs and
detection efficiency of Rb characteristic X-ray is higher than
that for Cs. For these reasons, we can use Rb as a
substitute element of Cs.

We chose grains of rice as samples of this work because
it is a major agricultural product consumed in Japan. At
first, we prepared two soils: Cs,CO; was added to one soil
and Rb,CO; was added to the other. With these soils, rice
plants were cultivated under 8 conditions: Concentrations of
added elements were 200 ppm and 300 ppm and cultivation
terms were 14 days and 34 days. After cultivation, we
picked grains from the plants to process them into samples
for micro-PIXE analysis. In our previous work ", grains
were simply cut with a knife (method A). In this case, they
had thickness distributions. In contrast, samples processed
with a microtome (method B) can enable us to analyze Cs
and Rb quantitatively by the PIXE method. We prepared
these two types of samples for micro-PIXE analysis and
compared the results.

Then the experiment was carried out with the microbeam
formation system and the micro-PIXE system attached to the
3 MV single-ended accelerator in TIARA. A 3 MeV H'
beam was supplied as a microprobe for PIXE.

On the basis of experimental data,
concentrations calculated and 2D
distributions were generated through GeoPIXE II”. In
most of the obtained elemental images distributions of Cs
and Rb are similar (accumulating in brans and husks). We
applied a digital image correlation method to these images
to specify correlative elements with Cs and Rb. This
method reveals the similarity between two images by
calculating normalized  cross-correlation
coefficients.

To avoid

elemental

were elemental

zero-mean
The result says that Cs and Rb have strong

relationships with K and P. Some of the results are shown in
Fig. 1. Then we determined concentrations of Cs and Rb
in rice, bran and husk separately by analyzing spectra
extracted from regions of interest (ROI). In the case of the
samples processed in the method A, values of concentrations
of Cs and Rb vary widely in the same conditions. On the
other hand, there is less variation in the results of samples
processed in the method B. For this reason, thin and
uniform samples sliced with a microtome seem to be more
suitable for quantitative PIXE analysis. Next we
investigated the effect coming from difference in cultivation
terms and concentrations of Cs and Rb in the soils.
Variation of the concentration ratios of Cs and Rb between
the two cultivation terms (:14 days and 34 days) under each
condition is 1.5 to 3.0.  This is almost similar to the ratio of
cultivation terms (34 days / 14 days). Comparing them in
the two conditions (200 ppm and 300 ppm in the soils), the
ratio vary 1.5 to 3.5 and it is larger than 1.5 (:300 ppm/
200 ppm). Processed in the method A, the same tendency
as the above is seen by dividing concentrations of added
elements by those of K, which is a major and correlative
element in every part.

We revealed that Cs and Rb accumulate in rice bran with
K and P and distributions of Cs can be estimated by using
substitute element Rb. In the future we should further
investigate on the relationship Cs concentration in rice and
that of soil or cultivation terms.

0 Max
Distributions of Cs, Rb and correlative elements in
samples processed in method B. The areas surrounded

Fig. 1

by rectangles are scanned (800 pm each side).
Behavior of Cs and Rb in samples seems similar. The
part where they are the richest is bran and the second is
husk. The digital image correlation method revealed
the relationship between the added elements and K or P.
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Calibration of Several Detectors on Micro Beam PIXE

System in TIARA by Standard Reference Material
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b) Department of Advanced Radiation Technology, TIARI, JAEA

Standard Reference Material (SRM) for determination of trace elements in biological materials was made by macro

porous cation-exchange resin (Macro-Prep 25S5).
amount of trace elements.

The resin was suspended in the standard solution containing the known
The concentration of those elements in the resin was 0-270 ppmv.

Sulfur is main inorganic

element in the resin and its concentration was determined by dry digestion /volumetric titration by the standard Ba®>" solution

as SO~

Individual particle of the resin was subjected to 3 MeV proton bombardments by micro beam system of TIARA.

Several Si(Li) and PureGe detectors measured characteristic X-rays from the known amount of Al, S, Ca, Mn, Fe, Co, Ni, Cu,
Zn, Sr and Pb. The Sensitivities for each detector were calculated by elemental abundance in the resin and does of proton.
The Sensitivity was applied for calibration of micro beam PIXE system in TIARA.

1. PIXEZ3HTIZIIT B EEE D2 E 0/ AT O FH A LRI D
72T, A R HRIE P HT B e R e EE RS
THIEHEYE (SRM) ZBHFEL T\ 5, ZNETIZ, w71
R—F 2B A A MR, AR RB I E R DT L=
AN VI AV N NS - = VAV A NS % N
g, AharF UL ASBIUME —TRERESE-
SRMZFHHLL 7=, PIXEHTICHEL . Bt XHR IR T &t 3R
WINEND ., TIARAY A 70 — AL AT KB IT 5087
B Z RO T= 1), AKETRIELIZTIARAS A7 0L — A
AT LT, M EE (M) 7o B ONCBY 3k (D A
) ICE ENSpgll TOMA BILEOERITHKIHLIZ Y,
AWFZETIE, TIARAS A7 0 — AV AT AIHHIEAS
N, X H 2RO IEZ B 27220 SRR HZs & Huis
Li=OTHE T2,

2. SRMOFAH HliKF CREB ST~ 2R —F ARG A
A AR Hakbt fiFMacro Prep 25S (AL #FIBIORAD) % #
AN B — T — B E UL RS, SRR T O
RiEERD T, ZORERIC, PFrE &OAPT, Ca®*, Mn*",
Fe**, Co?", Ni*', Cu*', Zn*', SPP" B L UPHY DIEHEIR K &
WINUT-, BB RS-V OEH i, Al, Cal8LXUPLT
270 ppmv, Mn, Fe, Co, Ni, Cu, Zn¥J’SrT135 ppmvé
L7z 2, JFRB OB A A Rt iE \C AL A F L U CHEAE
I BHSIE, FERE 7 T ATRBEIE /R EE NV Y AL E LT
skH7=(2,056 ppmv) ¥,

PIXESHT TIARA~AZBE —AL AT AIZED3 MeVS
nhmYTI7AZUEY AF ) T25 X 25 pm T,
KEH1200 - 600 nCO FREF AT o7, FRPEXHROMIE X3
TR O H#8% V= (Table 1),

3. BELZSRMOBHIBIZIZIT IR THY, 2136-9 um
Tholz, ZORENE, BINE—RLD It & R B &
EEHTES, S THRHUIZFFEXRO DT R,

BEAERDT, WEMRITEDKELL T, £H1 pgb iz
1 nCOTuhy BEHZEDFEXIRO BT ML TR,
YR ZE L LB IR LI (Table 2), #HHESAITRE RS AH
SN TERY, BITRITBENE W, RHIRCEE—A7
AL D FIHNCRFEZ BT TR PICRE STV,
MndVJR & B OKRERITLRITH LT, RHERAORIAE
DOREENGD, HHEBIX, RV~ —U A RUEFFD | Nak
DERNTL I ORI SN TS, I T TF T

B HERA LS BRSNS N2, BITE DL A,
[XREDME DT, FIE— 7 DXL ED T,
WOy T v T H D DS ENRHD,

A
=
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Table I List of X-ray detector on microbeam system in TIARA.
Detector Active | Crystal | FWHM
Model Area_|Thickness| @5.9keV | Position
(SSD) ;
/ mm /mm /eV

A PGT
siwip | rsso1zs | 30 5 135 | Vacuum

B CANBERRA
(PureGe) | GuLoi10 | 190 10 118 | Vacuum

C PGT ‘
(PureGe) | 1GX100138 | 100 10 138 Air

Table 2 Analytical sensitivity for elements by several
X-ray detectors on microbeam system in TIARA.

Sensitivity/Count pg "'nC ! (n)

A (Si(Li)) ** B (PureGe) * C (PureGe) **

Al 100+16 (14) 10119 (6) ND

S 74+£13 (13) 77+14 (6) ND

Ca 71+14 (14) 58+12 (6) ND
Mn 38+5 (3) 23+4  (3) 140+22 (3)
Fe 33x11 (7) 22+8  (3) 130+23  (7)
Co 24+10 (6) 17+7  (3) 91 +40 (6)
Ni 156 () 9.1+5 (3) 65+11 ®)
Cu 187 (6) 12+5  (3) 65+22 (6)
Zn 102 (B) 69+1.6 (3) 62+11 ®)
Sr 1.2+06 (8) 12+09 (3) 47+13 (8
Pb 1.0+03 (14 07+02 (6) 53+15 (14)

*This work **Measured at 2012.
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Synthesis and in vitro Evaluation of **Cu-labeled

Peptide for Tumor Imaging

Y. Sugo, L. Sasaki, S. Watanabe, Y. Ohshima and N. S. Ishioka

Medical and Biotechnological Application Division, QuBS, JAEA

1. Introduction

MARSGL peptide (H-Met-Ala-Arg-Ser-Gly-Leu-OH)
has high affinity to the human epidermal growth factor
receptor 2 (HER2) overexpressing in various tumor cells".
In the previous study, we have synthesized a novel
radioiodinated MARSGL via electrophilic destannylation in
high radiochemical yield®.

Copper-64 (**Cu) is a useful radionuclide in nuclear
medicine, and can be produced by the cyclotron. In this
study, we designed and synthesized **Cu-labeled MARSGL
peptide conjugated with 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) as a novel positron
emission tomography (PET) imaging probe for HER2
overexpressing tumors.

2. Experimental

No-carrier-added ®*Cu was produced by the nuclear
reaction of ®*Ni(p, n)*Cu at high specific activity, using the
AVF cyclotron of TIARA.  An isotopically enriched **NiO
(99.4%) target was irradiated with 11 MeV proton beam at a
beam current of 5 pA. Radiochemical separation of **Cu
was carried out by chelating ion-exchange method .

Protected MAR(Pb)S(‘Bu)GL-Trt(2-CI)  resin
prepared by solid-phase peptide synthesis from 2-chloro-
trityl chloride resin. Tri-tert-butyl 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetate was allowed to react
with the peptide resin by 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride and 1-hydroxy-
1H-benzotriazole in dimethylformamide. And then the
cleavage and the deprotection were performed at the same
time using trifluoroacetic acid, 1,2-ethanedithiol, and
triisopropylsilane.

To an aqueous solution of 0.1 mM DOTA-MARSGL,
0.1-1 MBq *CuCl, was added and the mixture was stirred at
40 °C for 60 min. The formation of *Cu-DOTA-
MARSGL was determined by TLC and HPLC compared
with a non-radioactive preparation.

was

3. Results and Discussion

TLC and LC/MS chromatogram of the non-radioactive
preparation are shown in Fig. 1. A main peak in the
chromatogram was assigned to non-radioactive Cu-DOTA-

MARSGL (exact mass: 1,080.4) by ESI-MS spectra
o
N~ OH
H o

Cu-DOTA-MARSGL

(positive: m/z=1,081.4 [M+H]", negative: m/z=1,079.5
[M-H]).

Figure 2 indicates the changes in TLC and HPLC before
and after radiolabeling. By comparison of the analytical
data with those of non-radioactive preparation, it was
confirmed that **Cu-DOTA-MARSGL was obtained in high
radiochemical yield more than 94%.

We also examined a stability of **Cu-DOTA-MARSGL
in vitro. The chromatogram was not changed after
incubation in physiological saline at 37 °C overnight.
In order to evaluate the usefulness as a PET imaging probe,
further in vitro studies on the stability in human or mice
plasma and the cellular uptake are in progress.
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Fig. 1 TLC and LC/MS chromatogram of non-radioactive
Cu-DOTA-MARSGL.
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Fig. 2 TLC and radio-HPLC chromatograms of **CuCl,
and **Cu-DOTA-MARSGL.
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Medical Radioisotope Production with Accelerator

Neutrons by Deuterons
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A new system has been proposed for the generation of
radioisotopes with accelerator neutrons by deuterons ",
especially the production of Mo (T,,=66 h), °°Y (T,,=
64 h), Cu (T;, = 61.8 h), and %Cu (T, = 12.7 h).
Among various radioisotopes for medical use, "Tc (T;,=
6.0 h), the daughter nuclide of Mo, is the most common
radioisotope used in diagnosis, and its use accounts for 80%
of all procedures 2,
Y -ibritumomab tiuxetan (Zevarin®™), a radiopharmaceutical

nuclear medicine worldwide
agent, a pure B-ray emitter with a maximum energy of
Cu is

believed to be a promising radionuclide to treat small distant

2.28 MeV, has been used for cancer therapy.

metastases in radioimmunotherapy”, since ’Cu decays with
their maximum B -ray energies of 0.377 MeV, 0.468 MeV,
and 0.562 MeV. %Cu also emits low-energy y-rays which
can be readily detected by a gamma-camera. It can be used
simultaneously for diagnostic imaging and internal therapy.
$Cu s

pharmaceuticals for PET imaging, since it decays by

also expected for labeling many radio-
positron (B*) emission with a maximum energy of
0.653 MeV by 18%.

Enriched Mo, *°Zr, ®*Zn, and *Zn oxide samples with
a radius of 10 mm and a weight of about 300 mg were
irradiated with neutrons, which were obtained by the
"C(d,n) using 40 MeV deuterons provided from the TIARA
cyclotron. After a bombardment we measured a y-ray
spectrum of the reaction products with a Ge detector.

Mo was successfully produced via the '°Mo(n, 2n)
reaction, and we clearly observed the y-rays from the
internal transition of *™Tc (141 and 143 keV),
PMo (739 keV), 7’Zr (743 keV), and *’Nb (658 keV). The
radionuclides of *’Zr (T,,=16.7 h) produced by 'Mo(n, )

reaction, and its decay product *’Nb (T, 107

an ion-exchange separation method and purified.

In Fig. 1, we show a y-ray spectrum from the decay of
Cu (at 91, 93, 185, and 300 keV).
the ®Zn(n,pn) and **Zn(n,d) reactions. Relative production

7Cu was produced via

yields of impurity radionuclides of “™Zn (T, =13.8 h),
87n (T, =243.7 d), ¥Cu (T,,=12.7 h), and ®Ni (T, =
2.52 h) to “’Cu are extremely low, which allow us to
chemically separate ®’Cu from an irradiated **Zn sample
with a few steps and to reuse high cost of an enriched **Zn
sample. The present results strongly suggest that the
87n(n, x)*’Cu reaction is the most promising route to
produce high quality ’Cu and could solve a longstanding
problem of establishing an appropriate production method of
7CuS).

$*Cu, %Zn (T,,=9.3 h), and *Zn (T,,,=38.5 min) were
found to be produced by the *Zn(n, x) reaction. ~Five hours
after bombarding, however, the activity of the *Zn became
negligible and the activity of *Zn was low. Hence, we can
apply the same chemical procedure as that for ’Cu to obtain
high-quality **Cu.

The present results demonstrate that the medical
radioisotopes, Mo, *°Y, ¥Cu, and %Cu, can be produced
by using fast neutrons.
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=1.20 h), were impurity radionuclides.

o 10° o
However, their yields were much smaller ] .
than that of Mo, and therefore 10°F
radioactive waste produced during

210*F
chemical processing would be reduced S
compared with other proposed reaction G 10°F
systems. 10°f

We also measured a y-ray spectrum of
the reaction product produced by the

®“Cu(61.8h)

69m.

O 7Zn(13.8 h)

65m

A ®™Ni(2.52 h)

annihilation

9Zr(n,x) reaction. Since the activity of 10°
Y was found to be comparable to that
of impurity nuclide ¥Zr (T,, =78.4 h)?,

Y will be separated from ¥Zr by using

Fig. 1
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A v-ray spectrum of the ®ZnO sample irradiated with neutrons,
which was taken 15 hours after the end of irradiation.
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Introduction

The f° "Lu is a promising therapeutic
radioisotope in radioimmunotherapy. In our early studies,
the production of "Ly [176Yb(n,y)177Yb—>177Lu] capable of
labeling of " u-1,4,7,1 0-tetraazacyclododecan-N,N',N"’,
N""-tetraacetic acid (DOTA)-antibody (Fig. 1) D was
developed, and the inhibition of the complexation of '"’Lu
with  DOTA and diethylenetriamine-N,N,N", N""N"’-
pentaacetic acid (DTPA) (Fig. 1) on the presence of the
metallic impurities: Ca, Fe, and Zn was clarified?. In the
present study, the inhibition of the complexation of '7Lu
with DOTA and DTPA on the presence of Mg, Cu, and Yb,
which must be also included in the '""Lu produced, was
investigated. Moreover, the inhibition with Mg, Ca, Fe, Cu,
Zn, and Yb was comprehensively discussed, and the
knowledge to feed back into the production of '’Lu was
obtained.

emitter

Experimental

For the experiment of '""Lu complexation with DOTA
and DTPA, 1 pL of acetate buffer (3 M, pH=6.0) was added
to a mixture of 5 pL of the '""Lu solution (5.0x 107> M as
Lu) and 5 pL of solution of the competing metal (Mg, Cu,
and Yb) from 2.5x 107 M to 2.5x 10> M. Then, 10 pL of
50 x 10° M DOTA and DTPA was added. After
incubation for 1.5 h at 40 °C, the complexation yield, which
was defined as the percentage of the radioactivity of
""Lu-DOTA and '"Lu-DTPA compared with that of '"’Lu
used for the complexation, was determined by thin layer
chromatography (TLC) on ITLC silica gel using aqueous
ammonia:methanol:water (0.2 : 2 : 4) as the developing
solvent. The unreactive '”"Lu remained at the origin point
of the silica gel strip, while '"’Lu-DOTA and '"’Lu-DTPA
moved with the solvent front.

Results and discussion

The '""Lu complexation with DOTA and DTPA was not
inhibited by Mg as well as Ca. The '""Lu complexation
yields of both DOTA and DTPA were highly inhibited by
Cu, and the complexation with DOTA was more inhibited
than that with DTPA as well as Fe and Zn. In the case of
Yb, both DOTA and DTPA complexation of '""Lu was

Table 1
constants of metallic impurities to that of Lu.

highly inhibited by Yb.

Table 1 shows the order of the inhibition by metallic
impurities in our experimental data and also the order of the
ratios of the stability constants of metallic impurities to that
of Lu, from which we can evaluate the ability of the
inhibition by metallic impurities. By comparing our
experimental data and the ratio of the stability constants, it
was found that the order of Fe, Yb, Cu, and Zn for DOTA
and that of Fe and Zn for DTPA were different. Therefore,
we found that our experimental data could be partially
explained by analyzing the stability constants. Lie et al.”
reported that complexation between metal ions and chelating
agents is related to both stability constants and kinetic
stability.  Therefore, to completely explain our experi-
mental data, not only stability constants but also kinetic
stability might be required.

In conclusion, the elimination of Mg and Ca from the
""Lu final solution was not found to be necessary. In the
case of Cu, Fe, and Zn, although the DTPA was found to be
a better 'Lu complexation agent than DOTA, the
elimination of Cu, Fe, and Zn from the '”’Lu final solution
Similarly, the elimination of Yb from
the'”"Lu final solution was found to be necessary.

was needed.
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Fig. 1 Schematic diagram of '""Lu-DOTA-antibody and
structural formula of DTPA.

The order of the inhibition by metallic impurities in our experimental data and the ratios of the stability

experimental data

Inhibition by metallic impurities in our

Ratio of stability constants of metallic impurities
to that of Lu

DOTA Mg, Ca<Fe <Yb <Cu, Zn

Mg<Ca<Zn<Fe<Cu<Yb

DTPA Mg, Ca<Zn<Fe<Cu<Yb

Mg<Ca<Fe<Zn<Cu<Yb
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Effect of Nutrient Elements to Cd Accumulation

in a Cd Hyper-accumulator Fern
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Cadmium (Cd) is an extremely toxic metal and should be
eliminated from its pollutant soil to reduce that
concentration in crops. Specialized plants are used to clean
up contaminated soils. It is important to reveal the
mechanism of Cd uptake and accumulation of these plants.
Cd accumulation usually utilizes the same mechanism that
other related elements such as Fe, Zn, Ca and Cu use, and
the relationships with these elements is important for Cd
In this context, a positron-emitting tracer
imaging system (PETIS) could be a strong tool. PETIS is a
radiotracer-based imaging system that was specifically
developed for a kinetic analysis of elements migration
within the entire plant body at once. PETIS has already
visualized the transport of several metals, including Fe, Zn,
Mg and Cd, in intact plants.

Athyrium yokoscense (Ay), shows hyper-tolerance to
multiple heavy metals, such as Cd, Zn and Pb, and
accumulates them in the body at considerably higher
concentrations than other plants. In this study, we
subjected standardized intact plantlets of Ay to a time-course
observation of Cd accumulation under two distinct medium
(basal no-nutrient) using PETIS.
Comparative analysis with these conditions eliminates the
effects of nutrient elements other than Ca on Cd

accumulation.

conditions and

accumulation.

17Cd was produced by bombarding silver foil with a
17 MeV energetic proton beam using a cyclotron at TIARA.
Produced '"’Cd was purified as previously described .
Finally, 4.8 to 10 MBq of '”’Cd was fed to Ay under the two
conditions, basal and no-nutrient.

:,

The basal condition used

high

Cd intensity

low

Fig. 1

1/4 x MS medium with calcium further diluted to 0.25 mM.
The no-nutrient condition used a solution of 0.25 mM CaCl,.
Each medium was adjusted containing Cd at the final
concentration of 0.1 pM as CdCl, in addition to the '*’Cd
tracer. PETIS images of the '"’Cd distribution were
obtained every four minutes for 36 h.

Under the basal condition, PETIS imaging clearly
demonstrated the real-time changes in Cd distribution from
the culture solution to the entire plant body (Fig. 1). The
amount of Cd in the culture solution decreased rapidly.
The no-nutrient condition further accelerated the rapid
decrease in the amount of Cd in the culture solution and the
corresponding rapid increase in the distal roots compared
with the basal conditions. In addition, the present work
enabled to estimate physical and physiological Cd
accumulation capacities in the distal roots, and demonstrated
condition-dependent changes especially in A4y. These
results clearly suggest Cd accumulation in 4y is regulated by
nutrient condition. In addition, the present work enabled to
estimate physical and physiological Cd accumulation

capacities in the distal roots, and demonstrated
condition-dependent changes especially in A4y. These
results clearly suggested occurrences of species-/

condition-specific regulations in each observed parts.
It is probable that integration of these properties govern
the specific Cd tolerance/accumulation in Ay?.
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Serial images of the Cd distribution within the plant
bodies.
plant bodies are serially shown from 4 to 36 h after the Cd

Typical images of Cd distribution within the

Each frame results from the integration of
Left and
right plant was under no-nutrient condition and basal

application.
240 original images collected every minute.

condition, respectively.
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Feasibility Study of Using Cerenkov Light Imaging

Technique for Plant Studies
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®) Graduate School of Medicine, Nagoya University

Cerenkov light imaging is a relatively new non-contact
radiotracer imaging technique that can image the
distribution of radionuclides that emit beta rays (comprising
electrons or positrons) by using a high-sensitivity optical
camera. The electrons or positrons emit a small amount of
blue light (A =390 nm) called Cerenkov light when their
energies exceed a threshold level that is determined by the
refractive index of the material in which they are traveling
(260 keV in water). Figure 1 shows the schematic of the
concept underlying Cerenkov light imaging. The
originating point of Cerenkov light emission is close to that
of beta radionuclides, and therefore, the theoretical spatial
resolution achieved via Cerenkov imaging is better than
those of other conventional imaging apparatus such as
gamma cameras "2 and other beta detection methods.
Since *’Cs is a beta-emitting radionuclide (B: 512 keV), it
is possible to image radiocesium distributions in plants using
Cerenkov light imaging because plant tissues are sufficiently
thin for Cerenkov light to penetrate them. In this paper, we
report our feasibility study on the radiocesium imaging of a
living plant in the light of developing a new Cerenkov
imaging system, particularly for plant nutritional research.

For imaging the radiocesium distribution in a specimen
plant, we used a high-sensitivity cooled charge-coupled
device (CCD) camera (ORCA2-ER, Hamamatsu Photonics)
for acquiring Cerenkov light. A bright lens (Xenon
0.95/25) was mounted on the camera, which was placed
within a black box also containing the specimen plant.
Figure 2 shows the photograph of our experimental setup
with the CCD camera placed inside the black box installed
in a plant growth chamber. Signals from the CCD camera
were fed to the controller and a personal computer. An
extension lens was inserted between the camera and lens to
obtain magnified the images.

A solution containing '*’Cs with an activity of 4 MBq
was mixed with a hydroponic culture solution into which the

Beta ray
(electron ray or positron ray)

Cerenkov light

Beta-emitting
radionuclides

Fig. 1 Principle of Cerenkov light imaging for beta
emitting radionuclide.

root of a soybean plant (Glycine max [L.] Merr.) was dipped.
This soybean was exposed under light condition for seven
days, after which we performed Cerenkov light imaging for
30 min. Figure 3 shows the Cerenkov light image of the
soybean plant (a) and its optical photograph (b). While the
stem and leaves appear to be clearly imaged with high
spatial resolution, the image is also expected to indicate the
37Cs distribution translocated from the root. However,
signals acquired with the CCD camera from the plant
include delayed fluorescence signals probably from
chloroplasts, and therefore, the signals corresponding to the
137Cs distribution are not clearly defined. Consequently, it
is required to develop a method to identify the '*'Cs signals
using certain optical filters when imaging living plants.

Developments are now in progress to improve the
imaging system in terms of image quantitativeness and
imaging acquisition of target plant specimens in their natural
environmental conditions.
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Fig. 3 Cerenkov light image of soybean (A) and its optical
photograph (B).
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Evaluation of Velocity of ''C-photoassimilate Flow Using

Positron-emitting Tracer Imaging System
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Higher plants regulate photoassimilate flow from the
"source" organs (e.g. mature leaves) to the "sink" organs (e.g.
roots) in order to respond to environmental or
developmental changes. An understanding of the
source-sink interrelationship requires an experimental
system which can measure the change of photoassimilate
flow under various conditions. In this study, we developed
an analytical method to evaluate velocity of photoassimilate
flow using ''C-tracer and the positron-emitting tracer
imaging system (PETIS).

We conducted noninvasive imaging experiment using
soybean (Glycine max) as described previously". ''CO,
gas tracer was produced at TIARA, and fed to the compound
leaves of the soybean plant. The dynamics of ''C in an
intact plant was monitored by PETIS every 10 s for 60 min.

Figure 1 shows serial images of ''C distribution in the
soybean plant. Regions of interests (ROIs) were set in the
node of the first compound leaf (ROI-1) and the stem base
(ROI-2). Time course of 11C-radioactivity (Time-Activity
Curve: TAC) in each ROI was generated from the serial
images (Fig. 2). Initial slope of the rising ''C-radioactivity
was estimated by a linear least-square method using the
TAC data. The value of the intercept of approximated line
to the background line (X-intercept) was defined as
“!'C_arrival time” to the ROs.

FerTYY

30 min

10 min 20 min

ROI-2
140 min J50min &' 460 min
Fig. 1 Serial images of ''C distribution in whole plant
body. Each image comes from the integration of

60 original images collected every 10 s. Red circles

indicate ROI-1 and ROI-2.

In order to determine X-intercept with a fair criterion, we
developed an analytical program using the following
algorithm; 1) draw a fitting line to consecutive 10 data
points (100 s) and obtain a value of X-intercept, 2) execute
this fitting sequentially in the range from 0 min to 20 min
and obtain 120 values of X-intercept in total, 3) make a
histogram for all of the X-intercept, 4) adopt the most
frequent value as the representative X-intercept of the TAC.

The velocities of ''C-photoassimilate flows of
18 individual soybean plants were estimated by the values of
"C-arrival time and the distance between the ROIs.
As a result, the average value of the velocity was 113 ¢m h™!
and the standard deviation was 20 cm h™'. This result
indicates the newly developed method is a reliable tool for
the quantitative analysis of photoassimilate flow through the
phloem.

Reference
1) N. Kawachi et al., Nucl. Instrum. Meth. Phys. Res. A
648 (2011) S317-20.
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Fig. 2 Typical Time-Activity Curves (left Y-axis) and the
histograms for X-intercept (right Y-axis) in ROI-1 and
ROI-2. Dotted lines indicate the background levels
determined from the average count rates from 0 s to
180 s. In this case, ''C-arrival times to ROI-1 and
ROI-2 were 290 s and 600 s, respectively.
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In the previous study, we showed that neon ions with a
mean LET of 352 keV/um [Ne (352)] and carbon ions with a
mean LET of 425 keV/um induced large deletions more
frequently than carbon ions with a mean LET of
113 keV/um [C (113)] in Arabidopsis V.
alteration of DNA including large deletions is supposed to

Structural

cause the reduction of transmissibility to the progenies.
Naito et al. showed that most of the mutations induced by C
(113) and *°Co gamma-rays in Arabidopsis pollen were
large deletions and the majority of them were not
transmitted to the progenies®. Shikazono e al. showed
that Ne (352) and C (113) caused about two times higher
level of sterility compared to electrons at a given level of
lethality®.
high-LET radiation frequently induces non-transmissible
To further characterize the LET dependency of
the transmissibility of mutations,

These results are consistent with the view that

mutations.
we examined the
segregation ratio of mutant plants in the progenies that were
obtained by self-pollination of the mutagenized plants.

We used the Arabidopsis seeds obtained by crossing the
wild type [ecotype: Columbia (Col)] with g//-/ mutant
(background ecotype: Landsberg erecta). These material
seeds are heterozygous for the GLI gene. The seeds were
irradiated with helium ions with a mean LET of 30 keV/um
(He (30)), C (113), Ne (352) and gamma-rays. The doses
that correspond to half of the shoulder dose of survival
Plants that

harbored glabrous mutant sectors in rosette leaves were

curves were employed for each radiation.

grown and the progeny seeds were independently harvested
by self-pollination. More than fifty seeds were sown for
each mutant line and the segregation ratio for the glabrous
mutant plants was examined.

According to the Mendelian segregation, we expect one
fourth of the progeny plants are glabrous mutants, i.e. the
expected segregation ratio (the number of glabrous mutants /
In the case of He (30) and
C (113), the segregation ratio distributed with a mean of
0.25 and 0.23, respectively [Fig. 1(a) and (b)].
of Ne (352), the mean segregation ratio was 0.28, which was

total number of plants) is 0.25.
In the case
still close to the expected ratio. However, the range of
distribution was markedly wider than in the cases of He (30)
and C (113) [Fig. 1(c)]. It is likely that the higher
segregation ratio suggests the reduced transmissibility of
wild-type GLI allele, and the lower segregation ratio
suggests the reduced transmissibility of gl//-1 allele.
Although Ne (352) and C (113) were reported to show the
similar level of sterility®, our results suggest that the Ne
(352) induces more complex types of structural alterations
of chromosomes.

Number of mutant lines

0 01 02 03 04 05 06 07 08

20

(b)

Number of mutant lines

0 01 02 03 04 05 06 07 08

20

(c)

1
1
I
|
1
1
|
1
1
15 ;
1
1
|
1
I
1
|

Number of mutant lines

0 01 02 03 04 05 06 07 08
Segregation ratio of glabrous mutant

Fig. 1 Distribution of the segregation ratio for glabrous
mutants in the progeny of the mutagenized GLI/gli-1
heterozygous plants. Number of mutant lines belongs
to each class of segregation ratio is shown. The
segregation ratio represents the number of glabrous
mutants / total number of plants examined. (a) He (30),
(b) C (113), (c) Ne (352). Dotted lines represent the
mean of the data.
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Ion Beam Breeding of Rice for the Mutation Breeding

Project of the Forum for Nuclear Cooperation
in Asia (FNCA)
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1. Introduction

Ion beams have been utilized for the Mutation Breeding
Project of the Forum for Nuclear Cooperation in Asia
(FNCA) of MEXT (Ministry of Education, Culture, Sports,
Science and Technology) since 2009". From fiscal year
2013, a new project ‘Mutation Breeding of Rice for
Sustainable Agriculture’ has been launched, followed by the
previous project on Composition or Quality in Rice (FY
2007-2012).

increase of food production and improvement of food

This new project will contribute to the

quality in Asian countries by establishing mutant varieties
such as high yielding varieties under low input conditions,
new varieties tolerant to diseases, droughts,
according to participating country’s
demands by using gamma rays or ion beams. Ten

and other
climate changes,

countries, i.e., Bangladesh, China, Indonesia, Japan, Korea,
The Thailand, and
Vietnam has been joined this project and most of these

Malaysia, Mongolia, Philippines,
countries will irradiate seeds of their own rice varieties with
ion beams. China will use its own ion beam facilities such
as the facility in Institute of Modern Physics, Chinese
Academy of Science. Korea will also use proton beams
that are generated from 100 MeV proton beam linear
accelerator (up to 20 MeV available at present) in Korea

Atomic Energy Research Institute.

2. Materials and Methods

Hulled dry seeds of rice varieties of participating
countries were exposed to 320 MeV carbon ions at TITARA
After
seeds were sent back to the participating

with individual optimal doses to induce mutation.
irradiation,
countries and investigated for mutation induction.

At the FNCA workshop on Mutation Breeding held in
Thailand in February 2012, we have deeply discussed the
appropriate population size for mutation induction and
concluded that at least several seeds from each 5 panicles
from each 1,000 M; plants (5,000 initial mutated cells)
should be harvested in order to obtain mutation efficiently.

3. Results and Discussion

From the previous project, some of the participating
countries have already started to induce mutations in
accordance with their countries’ demands for sustainable
agriculture. In Bangladesh, two mutants obtained from
carbon irradiation with 40 Gy, produced higher yield and
matured earlier at all locations than original variety, BRRI
dhan29. These mutants also showed shorter in height and

| poocoou— N, N7 |
[ TTEEE—. | MHHMW MWWWI
: L S NI NN W7

High yieid
Eariy fiowering
Dwaif

Tgs N}y am—

o s v

| High yieid and other - -
agronomlc tiaits -FR'

Fig. 1 Promising mutant lines selected from ion-beam
irradiated rice seeds.

thus lodging resistant, and had similar grain quality as BRRI
dhan29. This higher yield of this mutant was attributed to
its considerably longer panicle length and significantly
higher number of filled grains/panicle (Fig. 1: Bangladesh).
In Indonesia, through ion-beam irradiation with 10 and
20 Gy, six promising mutant lines were obtained. One of
the mutant line, IB-3, had the high grain yield, the short
plant stature and short growth duration, therefore, were
promising to be released (Fig. 1: Indonesia). In Malaysia,
31 selected mutant lines were obtained in M3 derived from
original variety, MR219, irradiated with 60 Gy. In these
mutant lines, the differences in culm length, days to
flowering, number of tiller, number of panicle, 1,000 grain
weight, total grain yield, etc. were observed. Among them,
several promising mutants which performed better in the
agronomic traits as compared to MR219, these varieties are
therefore suggested for further evaluation (Fig. 1: Malaysia).
In Vietnam, carbon ion irradiation with 40 and 60 Gy on
original varieties, Bacthom and Khangdan, have created
many different phenotype mutants. In M; generation, two
outstanding mutant lines from Bacthom for high grain
potential yield and aroma trait have been chosen for location
testing and national testing (Fig. 1: Vietnam).

Reference
1) A. Tanaka et al., JAEA Takasaki Annu. Rep. 2012
JAEA-Review 2013-059 (2014) 103.
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Development of New Chrysanthemum Morifolium

Pink Mutants through Ion Beam Irradiation
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® Medical and Biotechnological Application Division, QuBS, JAEA

Developing new varieties of chrysanthemums is one of
the emphases
chrysanthemum is recognized as among the most important

cut flower export for Malaysia .

in Malaysian floriculture research as

A combination of ion
beam irradiation and in vitro organ culture techniques is
very efficient in generating new ornamental varieties with
novel traits and wider mutation spectrum®. Therefore, in
this project, ray floret cultures of pink chrysanthemum
variety were irradiated at various doses with 320 MeV '2C®
regenerated
morphological variations with an ultimate aim to produce
mutants with useful horticultural traits.

ions, into plantlets and screened for

This report highlights the development of new
chrysanthemum Pink mutants from ray floret cultures. In
vitro cultures of ray florets were cultured on MS ¥
regeneration medium, containing 2.0 mg/L BAP and
0.5 mg/L NAA. Irradiation was carried out at doses
ranging from 0 to 30 Gy. Following irradiation, the
cultures were transferred onto fresh MS regeneration
medium and incubated at 25+2 °C under 16-h photoperiod
for shoot regeneration.
regeneration after irradiation was discussed previously .

Data on callus formation and shoot

Regenerated shoots were sub-cultured 4 times, before being
hardened and planted in soils for morphological screening.

A series of screening was carried out at Nuclear
Malaysia’s glasshouse and MARDI Cameron Highlands
(Fig. 1).
morphologically. Based on these screenings, three mutants

The mutants were selected and characterized

were identified based on their distinct flower and/or plant
characteristics (Fig. 2).

BLOCK 1

Variety: Chr

Fig. 1  Screening of mutants at MARDI Cameron
Highlands.

i
24 25 26 27

| 16 17 18 19 20 |

il . 4

Fig. 2 Selected mutants from ion beam irradiated ray

florets;
A: Control, pink (69B*), daisy-eyed double,
B: Mutant 1, 0.8 Gy, purple (74A*), semi double,
C: Mutant 2, 2.0 Gy, light pink (69C*), daisy-eyed
double,
D: Mutant 3, 0.5 Gy, light pink (69C*), daisy-eyed
double, variegated leaves.
*Based on The Royal Horticultural Society Colour Chart.
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Breeding of Flower-color Mutation in Spray-mum

by Ion Beam Irradiation

Y. Tanokashira ®, S. Nagayoshi ?, F. Tohjima ® and Y. Hase

2 Kagoshima Prefectural Institute for Agricultural Development,
® Medical and Biotechnological Application Division, QuBS, JAEA

We performed ion beam irradiation on spray-mum cultivar ‘Southern Chelsea (pink color)’ to obtain white, deep-reddish

yellow and yellow mutants.
obtained.
increase of carotenoid content.

Although the white and deep reddish yellow mutants were obtained, yellow mutant was not
It is likely that the white mutant is due to the loss of anthocyanin and the deep reddish yellow mutant is due to the
These results suggest that the mutations on anthocyanin and carotenoid occur independently

from each other, and therefore the yellow mutants could be obtained by re-irradiation of white or deep reddish yellow

mutants.
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Fig. 2 Relationship between the amount of pigments and
color variations in the mutants.

Flower-color mutation induced by ion beam irradiation.

Variation source

Flower-color mutation

Number of Number

Mutation

imadiated . Light Deep Dee_p Ligl_ll ° rate(%)

Dose  blants  White . . reddish reddish Other mutants

Line class ©y) pink pink yellow  yellow

0.5 564 3 22 1 9 5 2 42 74
c 1 1356 11 39 1 13 3 10 77 5.7
. 2 1676 9 59 4 30 10 13 125 75
1 3 1680 9 61 6 22 11 23 132 7.9
- Total 5276 32 181 12 74 29 48 376 7.1

Fig. 1 ‘Southern Chelsea’. Mutation rate (%) 06 34 02 14 05 09 11

- 109 -



JAEA-Review 2014-050

3-40

Step-wise Improvement of Chrysanthemum by

Ion Beam Irradiation
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So far, we developed new chrysanthemum strains such as “Aladdin” and “C09-i-3” by step-wise improvement with ion

beam irradiation.
beam irradiation.
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In this study, we tried to improve the efficiency of shoot production of “C09-i-3” by the third round of ion
We succeeded to obtain a promising line “C12-i-4”.
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BEA~DEBBEOBE21TH52LT, BHE 3 B4
E— AR EAE BT R TH, ARE R DT ICBM
RIS B S RTRE THD L RENT,
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Fig. 1 Evaluation of the efficiency of shoot production in
the mutant lines derived from the irradiated leaf tissues
of “C10-g-46”. The data are relative number of shoots
produced in each line, with that in “C10-g-46” being
100 percent. Dotted lines represent the data of
“C10-g-46” and “Aladdin”.

Fig.2 Selected mutant line “C12-i-4”.

- 110 -



JAEA-Review 2014-050

Study on the Sample Preparation Method for Ion Beam

Irradiation in Citrus unshiu

Y. Matsuo ®, Y. Hase ™, H. Takeshita® and A. Noutomi *

2 Saga Prefectural Agricultural Fruit Tree Experiment Station,
® Medical and Biotechnological Application Division, QuBS, JAEA

We examined the two preparation methods for ion beam irradiation to efficiently obtain the regenerated plants.
‘Kawada unshu’ and ‘Ohtsu 4 gou’ were sown at 4 or 5 weeks before irradiation.
Alternatively, only hypocotyls were cut with 60-mm length. The regeneration

20-mm length at 1 week before irradiation.

Seeds of
Both hypocotyls and roots were cut with

rates from the irradiated seedlings were generally higher in those prepared with the former method.

IXCHIT

T agIN AL, SRR A DT DI HEE I
Dl BICIZZ 500155, _mf_bﬂ?ﬁmﬁﬁgﬁ%

DIZEAE VIR DV L ITER DR L D e 229K 28
BAKRE BT A LIk TIThiLTWa, Fix i, 5
IDREAES~OAFE —LHREHZLD, ZZRE RAERDRE
PEHED TND, 22Tk, KR IR EHHRHE B Sk H
BRI T 57012, BB OB T IEIZ O TR
L7,

MER O F

BB LT, P2y I EEMN R
CREEA B BV, BakA 2 O ST IRE R B E TR
K FEHFFEERE A~ T — LB R L, ST
JSRAFFERF D AVES A 7aba InbDRFBAF L — A
(2C 320 MeV) & VT 2 K1Y 4 Gy DR EEFRHTLTZ,

HEX 1. AR 4 BRI T2 v — L ICHRREL
FES 1 BTSRRI 5 EZAE O IRl ORI 2N Z
UK 20 mm DO ESICEIWTL T/ 5% (1/2 MS E5Hh) ~Bhl
L7z (Table 1), BIWrm L0 R A LT L AR Z1T -T2,
RS, 770 MRy 7 A (172 MS B i) (B R L, 2 - fd
EAPHALUI-EATBI LS o TRk R R 21T o7,

HBr 2 MM 2 D7 T 520 B — LR
4~5 BN 2 v —LICEREL . B 1 ERIENC
RIS EBAEDOREIZK) 60 mm OEIIZYIWILZ, 18
DYIWHIATOR D o7, B ATICAT 71— — R B
U7 B R D IR G (2 PR A U7, B2 gER Ik D723 izﬁ
IR &+ IR STz, ﬁ’n’%ﬂ&@ﬂﬁlﬁs IE

PNy NMIBE LTz, S512, BlEkh 1k D7- EE%FML%/\
T4V LTEE Eo M TEE Ay Mol

ERERCEE

BB 1 )IHEEMN OF5EEIE, 2 Gy KT 61.9%,
4 Gy K ClE 39.7%&7e o7z, ‘K 4 5 OB

2 Gy XTI 54.9%. 4 Gy X TI%39.1%&E72-7-, 4 Gy Ki%
i S AR EBIZIZ RO /3 b3k & 7e o7 (Table 2)

RER 2 JIHERIN OFEEIT, 2 Gy K TiX 44.0%.
4 Gy X% 40.6%L70 o7z, “KHEE4 5 OFSEIHRIL, 2 Gy
KL 43.1%E70 572, 4 Gy KKIE 33.3%E720, TERER 1) DL
PR AR A LS 40 (=13 KA> > 7= (Table 3) .

INBDOFERNG, VI A2 D7D 812 d»THE
WA~ DEE L/ NS A AR, JIHEIN D

4 Gy XA, 3B 211338 1) X0 EERBME
MoT=ZEND, TN LIRS 72 T3 Bk 110 ETR
BHaRiE 42 5NV EE 2 LN,

Table 2 Number of regenerated plants (Experiment 1).

Table 1 Conditions of the sample preparation.
Experiment 1 Experiment 2
Hypocotyl length 20 mm 60 mm
Cutting of roots + -
Root length 20 mm > 50 mm
Medium Gelrite Cotton

0 Gy 2 Gy 4 Gy
Kawada No. of irradiated plants 95 310 267
-unshu No. of regenerated plants 74 192 106
Regeneration rate (%) 77.9 61.9 39.7
Ohtsu No. of irradiated plants 97 852 957
4 gou No. of regenerated plants 68 468 374
Regeneration rate (%) 70.1 54.9 39.1
Table 3 Number of regenerated plants (Experiment 2).
0Gy 2Gy 4 Gy
Kawada No. of irradiated plants 95 134 138
-unshu No. of regenerated plants 74 59 56
Regeneration rate (%) 77.9 44.0 40.6
Ohtsu No. of irradiated plants 97 65 84
4 gou No. of regenerated plants 68 28 28
Regeneration rate (%) 70.1 43.1 33.3
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A Study on Optimum Irradiation Dose of Gamma-ray and
Carbon Ion Beams in Grain Amaranth

K. Nemoto ¥, A. Tsurukawa ®, M. Minami ¥, K. Matsushima ® and Y. Hase *

%) Graduate School of Agriculture, Shinshu University
® Medical and Biotechnological Application Division, QuBS, JAEA

Grain amaranths (Admaranthus spp.) have excellent nutritional value and ample capacity for growth under drought, heat
and soil nutrient deficiency. However, breeding works of the crop are very limited. In this study, as a first step to obtain
new breeding materials by induced mutations, we decided the optimum irradiation dose of both gamma-ray and 320 MeV
carbon ion beams using six strains of A. cruentus. As a result of survival curve, strains difference of the optimum
irradiation dose was observed ranged from 200 to 500 Gy in gamma-ray and from 60 to 120 Gy in 320 MeV carbon ion

beams, respectively.

T <Z WA (Amaranthus spp.) 1X, FEIKEIROE=F
DOIEWT, TRPIIIMNAT I/ OV R08ksy, v
VU LEDIRTIVBEEICE END, Fio, BT LRI
REJIDREEY D— 2L L THEDIL, BREEEE ~OFH
DATREHEZFID TS, LOLARNRL, ZNETOT T
P RABFEIBEAF OBEEIRE BRI LI2b DD %< F]
HACTELBERBEMDBONTODLONBIRTHDS, £ZT
ARRGE UL, Fric/e G A RIKOEE L ZOE R A%
BROEL, B — BB L CERITTHL T~ B LUK
AT — DD Fil R R A R E LT,

<MEHBXUTTEE>

EMNKZEPRETD A cruentus O 6 ZH - 5hfE
(GA5252, GA5252-4x, U-84, U-100, A% 2B IO
IEbk s REe) 2 FBRICHER L7,
D%Co o~ MRS : m BT FARFZERTIC B T, 200,
400, 600, 800, 1,000, 1,200, 1,400, 1,600, 1,800, 2,000 Gy
D 10 MREXTRE LIz, BRETUFE T3 LU G FE 7
(FHE 50 Ki) & 78 B/ NATHEREL . EFSET-,
OAA e — LB iR & TS FAFSEATIC T 320 MeV f&
FAF LB —2% 60, 90, 120, 150, 180, 210 Gy O 6 Fif:
KRR, SRS LR 50 it B R A TR LT,

Ho~vBIOAT B —AE LB X DO ERB I
EEREFEL, ERLIZAEGERIRO  a X —HREL
Y el AR A R E LT, 2, IS T 2 A AL
X 10 fE Az R EL ., FRSEREHH L,

<IERBLUEZR>
O 2~ #5700 B 36 B HR B D Rt -

1,200 Gy Z##8 2 DR TIE R TELERD 0%/
7o ETERMABIIIT DK RO aNF — B EITILR
FRZENRFTEDSIL, GAS252 A3 500~600 Gy &t i<,
GA5252-4x, FIRTHHRERAE, U-100 BELUOAFT RN
400~500 Gy, U-84 %3200~400 Gy DJIEL72 -7~ (Fig. 1),
ORI EROMERE B DD, o~ RO R
SRR EIE GAS252 23 500 Gy, GA5252+4x, U-100 LA
X R 400 Gy, FIRTIHLESRFED 300 Gy, U-84 73
200 Gy THHEHE Z BTz,

fOVEWTIL, AR FET ONEDIF AL A 200 Gy, A
L% 400 Gy EVIORRENERFRICHIHINLTRY, 4
L2 6 RO RS R EBIZIN SR ERISEHL
IFE»oT-,

@320 MeV [RFEAF L E— LD MR EOKRG

AFRMBRIVEONT & RTOT a7 — &I
U RREIRER AR ZE TR B AL, GAS252 @ 120~140 Gy
Db EL BV TARF RO 100~120 Gy, JHIRTHHk
D 90~120 Gy, GAS5252+4x BLW U-100 O 60~
90 Gy D THo7=M3, U-84 Tid, R an & —%4552
ERHRARD 5T (Fig. 2), LLARDG, 0435 120 Gy C
PRI U720 FEBRICIV T U-84 1 40~60 Gy CTial
H—%RLTRY, ZORRERFIERLE DRI RD,
A AR L7248 ZHD 320 MeV [RFZEAF B —LDRKIH
TR BT GAS252 78 120 Gy, AT =3273 100 Gy, FHII
TPk ERHED 90 Gy, GA5252+4x LT U-100 75 60 Gy
ThdrEBz2LNT,

S [E AV 2 SOZE BT T B O R M2 13 A
BEAFROLI, U-84 F721% U-100 235ch E<, GAS252 3
BHIE-o7-, F-, BRI RO R E B R R0 A Y
PRI E L (RBE) 13, 3.3~4.2 720, v aA XX T D)
5. AR (OEDITI) DK 3 ORI OfEERLT,

— GA5252
—#- GA5252 4x
—a— U-84

—< Ina Pink

Survival rate (%)

—s Mexico
—e- U-100

0 500 1000 1500 2000
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Fig. 1 Survival curves for gamma-ray.
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Fig. 2 Survival curves for carbon ion beams.
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Screening of Salt Tolerant Mutants Regenerated from

Irradiated Stem Segments of Lombardy Poplar
(Populus nigra)

K. K. Biswas, Y. Hase and Y. Oono

Medical and Biotechnological Application Division, QuBS, JAEA

Species of the genus Populus are ecologically important
trees and often serving as a vegetative pioneer species
because of their fast growth rates. The rapid growth of
poplar is dependent on access to sufficient water in
plantation sites and this is problematic. To overcome this
problem, a forward genetics approach has been taken for
developing salt/drought tolerant mutants by combination of
radiation mutagenesis and in vitro regeneration in Populus.
There is evidence that induced mutation with radiation
mutagenesis has a great potential to produce new cultivars
with wider mutation spectrum .

As demonstrated in previous reports, we screened
regenerated Populus nigra shoots regenerated from stems
exposed with cobalt-60 source of gamma rays maintained in
Food Irradiation Facility at JAEA (Takasaki, Japan) and
found five candidates of salt tolerant mutant, named
gammal to 5, which was able to develop root system in root
inducing medium [RIM; Murashige and Skoog (MS) salts,
30 g/L sucrose (suc), 1 mL/L BS vitamins (B5v), 4 g/L agar,
2 g/l Gelrite, 0.5 mg/L 4-indole-3-butyric acid and
0.02 mg/L 1l-naphthaleneacetic acid, (pH 5.8)]
supplemented with 75 mM NaCl in first screening 2.
However, only 2 of 5 lines, gamma I (gl) and gamma 5 (g5)
developed from gamma-ray- (5 or 7 Gy, respectively)
irradiated stem explants reproducibly generate roots in the
medium mentioned above >,

Detailed characterization, such as growth and salt
tolerance of g/ and g5 in soil is under progress. Preliminary
observation suggests root growth of g/ is more vigorous
than wild type (Table 1), whereas aerial parts of g5 grow
slower than wild type and g/ (data not shown).

Although, g/ and g5, might be candidates of putative salt
tolerant mutants, only about 25% stem segments of both

Table 1 Number of roots produced from stem segments.

No. of No. of roots
Line stem Days
tested 5 10 15 20 25 30 35
Wild type 30 0 0 7 32 54 59 61
gl 30 0 6 14 49 81 88 89

Stem segments (6 cm) were put in medium [MS
salts, 30 g/L suc, 1 mL/L B5v, 4 g/L agar, 2 g/L
Gelrite, (pH 5.8)] and total number of roots produced
from all stems was collectively counted every 5 days.
gl developed roots earlier and overall root number in
g1 is higher than that in wild type.

lines produced roots in RIM with 75 mM NaCl?. The low
frequency in root production in NaCl medium may be
attributed to that these plants are chimeric. The screening
system we used is based on root induction ability in NaCl-
supplemented RIM of the regenerated “shoots”, and shoots
themselves are not directly exposed to NaCl during
selection. If shoots were regenerated from salt tolerant roots,
the chimeric effects may remain in lower level. From this
point of view, shoot regeneration system from “root
explants” were developed (Table 2). Using this protocol,
root induction ability of shoots from salt tolerant roots of g/
and g5 will be re-confirmed in NaCl-supplemented RIM.

We also successfully obtained at least 2 salt tolerant
candidates regenerated from stem segments irradiated with
320 MeV "’C*" ion beams accelerated by the azimuthally
varying field cyclotron in Takasaki lon Accelerators for
Advanced Radiation Application, JAEA. Propagation of
these candidates is in progress and regenerated shoots from
salt tolerant roots will be subjected to confirmation test in
NaCl-supplemented RIM.

References

1) S. Nagatomi et al., Acta Horticult. 508 (2000) 69.

2) K. K. Biswas et al., JAEA Takasaki Annu. Rep. 2012
JAEA-Review 2013-059 (2014) 107.

3) K. K. Biswas et al., Am. J. Plant Sci. 3 (2012) 1181.

Table 2 Effect of various concentrations of indole-3-acetic
acid (IAA) and 6-benzylaminopurine (BA) on shoot
regeneration from roots.

Conc. (mg/L) % shoot No. of
1AA BA regeneration  shoots/explants
0 0 0 -
0.05 0 0 -
0 0.25 0 -
0.02 0.12 45+3.2 2.1+0.2
0.05 0.25 95+2.5 3.240.1
0.1 0.5 78+3.7 1.3+0.2
0.2 1.0 77+3.6 1.1+0.1
0.5 2.5 2345.1 n.a.

Regeneration ratio was monitored in medium (MS
salts, 30 g/L suc, 1 mL/L B5v and 3 g/L Gelrite, pH 5.8)
with IAA and BA. The best combination was 0.05 mg/L
IAA and 0.25 mg/L BA. n.a.; data is not available.
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Metabolome Analysis of Leaves of Rumex obtusifolius L.

Irradiated with Ion Beams

A. Miyagi ¥, S. Kitano®, Y. Oono ), Y. Hase * and M. Kawai-Yamada *

% Graduate School of Science and Engineering, Saitama University,
® Medical and Biotechnological Application Division, QuBS, JAEA,
© Institute for Environmental Science and Technology, Saitama University

Rumex obtusifolius (Polygonaceae) is a weed, which spreads all over the world.
(Vitamin C) more than other edible Rumex species (Miyagi et al., 2010).

oxalate, which causes renal syndrome for vertebrates.
be used as a pasture by radiation breeding.
beams ('2C®
electrophoresis-mass spectrometry (CE-MS).

contain high levels of organic acids.

T )XY (X TR I —ay R FREDSEAE TR
ThD, OB ELOL T /B #I C LAk
D E F BB IR, BRSO NA A~ AHERFED
AN RGAD D728 FHOBE L L TOF A
HTED, L, oY R XEUIIBEADFREYE Th
LRI 2 VBRI @SS D7D B (bol-olz
IR 2B R OB A MATHD, ZNETIT,
~AROFEFFREHZED M1 R OIK 2T b L,
AFFETIL, KOKRESAE BRI IFRFCE 5 LET At
MCHIRFAT L BT )X XL ORI, 1K
2B EREH D T-5 D AZ R a— MMENEAT 77,

F9. mlE SR FERTICIB VT 0-100 Gy DA
B =4 (12C, 320 MeV) 2RI L7z /XL O 1
ERIESE 3 FEEEULLTZ, 50%AY /— /L TEEOFH
WEHL, FvE TV ERIKE-E &0 25 E (CE-MS)
ERWCYavBRE A BEOREEIToTo, ZORER, A4
E— ARFHE IR T B 2T B E A BN TE IR S R
(AN 2 Z LA BN 72~ 72 (Table 1),

Table 1 Oxalate contents in leaves of R.obtusifolius
irradiated by ion beams.

Ion beam (Gy)  Oxalate content (umol/gFW)

0 40.9+83
5 55.5+£9.8%*

10 61.3 £12.1%*

20 58.5£19.0%*

30 76.0 £ 11.3%*

70 55.8 +£12.0%**

100 56.3 +£7.3%

Seeds irradiated with 0-100 Gy of ion beams were
germinated and third leaves were used for oxalate
measurement. (*; p<0.05, **; p<0.01).

WIT, 2T a A B OE R Z DM OE I KIE
WEBEZHOINCT D20, VavBE A BRSOV HEE
(138-166 pg/FW) | EXIHI72 A (73-80 pg/FW) | D720
A (34-42 ug/FW) 22 10 o7 v oL,
3t 30 EEDIED AZ R — MM EIT o1, FORER, &

Fig. 1

It contains amino acids and ascorbate
On the other hand, it highly accumulates soluble

Thus we aimed to lower oxalate contents in R. obtusifolius that can
In the present study, plant seeds irradiated with several doses of carbon ion
) were used to analyze effects of the radiation to oxalate contents and other metabolites using capillary
Results showed that the oxalate contents of leaves were increased by the
irradiation of ion beams on the contrary to the case of the irradiation with gamma rays.

High oxalate plants tended to

Amino acids and phosphorylated organic acids were decreased in these plants.

2UBEREDSWVEDERIEE RSN, 783
BILOWEY L FEOWAME N 28 b (Fig. 1), A4 e —
LEHTED, T AEKMEEFSN TCA Y A7 L0f
RN ERL, fERLL T ayBAERLIZEE LN
2,
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Metabolome analysis of leaves of R. obtusifolius
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Heatmap is based on Z scores of metabolite data.
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Introduction

Ion beams induce DNA damage, such as strand breaks,
possibly resulting in an increased mutation frequency.
Thus, ion beams have been used as effective mutagens in
plant breeding”. To elucidate the mechanism of mutation
induction in plants, it is important to know about which
DNA damage converted into a mutation. However, little is
known about the types and extent of DNA damage induced
by ion beams in vigorous plant cells. It is known that DNA
double-strand breaks are one of the critical lesion for
inducing mutation. In this study, we examined the method
for determining the number of DNA strand breaks induced
by carbon ion beams in Arabidopsis seedlings.

Experimental procedures

Seeds of Arabidopsis thaliana (wild-type Colombia)
were aseptically sown on Murashige and Skoog agar plates.
The plants were grown at 23 °C under a 12-h light and 12-h
dark cycle for 10 days. The seedlings were irradiated with
carbon ion beams (320 MeV '2C*") from an AVF cyclotron.
After irradiation, whole plants were harvested immediately
in order to detect the induced DNA strand breaks. For
determining the number of DNA strand breaks, we modified
the method for detecting UV-induced DNA damage (CPD:
cyclobutane pyrimidine dimer) described in Hidema et al?.
In brief, frozen plant samples were used for preparing an
agarose plug. The agarose plugs were incubated in
proteinase K containing buffer. After rinsing the plug with
Tris-EDTA buffer, the DNA was denatured by treated with
the alkaline mixture. The agarose plugs were subjected to
alkaline agarose gel electrophoresis using static field
electrophoresis and  biased sinusoidal field gel
electrophoresis. DNA molecules were dispersed according
to their single-strand molecular lengths. The number of
DNA strand breaks was calculated using the molecular
length standard curve and the quantity of DNA at each
migration position as shown by the quantitative image data.
Using this method, the number of both single-strand and
double-strand DNA breaks can be determined.

Results and discussion

Figure 1 represents dose response curve for DNA strand
breaks induced by carbon ion beams. The number of DNA
strand breaks increased with increasing dose of carbon ion
beams (Fig. 1). This result indicates that the number of
DNA strand breaks can be detected using our method.
Irradiation of seedlings with 960 Gy of carbon ion beams
resulted in up to 2.3 strand breaks per megabase (Mb).

Given that the total size of the Arabidopsis genome is
approximately 135 Mb, irradiation of seedlings with 960 Gy
of carbon ion beams can theoretically induce approximately
310 strand breaks per genome.

In this study, we determined the number of strand breaks
including single-strand and double-strand DNA breaks
induced by carbon ion beams in Arabidopsis seedlings using
the denatured agarose gel electrophoresis. It is thought that,
only DNA double strand breaks can be detected using the
non-denatured agarose gel electrophoresis. To elucidate
the mechanism of mutation induction in plants,
measurement of the extent of DNA damage other than DNA
strand breaks should be needed. It is thought that DNA
damage other than DNA strand breaks can be detected by
modifying our method. In our previous method, we used
the enzyme which specifically cleaves single DNA strands
at sites of CPDs?. Thus, it is thought that we can apply
our method to oxidative DNA damage using the enzyme
which specifically cleaves single DNA strands at sites of
oxidative DNA damage. Further analysis is in progress.

References
1) A. Tanaka et al., J. Radiat. Res. 51 (2010) 223-33.
2) J. Hidema et al., Plant Cell 12 (2000) 1569-78.

DNA strand breaks (Mb-")

O 1 1 1 ]
0 250 500 750 1000

Dose (Gy)

Fig. 1 Dose response curve for DNA strand breaks
induced by 320 MeV '>C®" in Arabidopsis seedlings.
The data points represent the mean + SD of at least
three experiments.
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Mutation Breeding of New Horticultural Varieties

by Irradiation of Ion Beams

K. Kawamura ), K. Yoshihira® and Y. Hase *
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The optimal condition for irradiation of ion beams to five horticultural crops were examined. The optimum irradiation
doses for Mandevilla seeds and Dahlia plantlets were 25-30 Gy (320 MeV '*C®") and 8-10 Gy (107 MeV *He*"), respectively.
The survivability for irradiation of Calibrachoa seeds, Iberis cuttings and Marguerite cuttings were not able to evaluate

because of technical problems on transportation and nurseries.

AIFFETIX, HV7Z2a7 (Calibrachoa spp.) . V> T £
7 (Mandevilla spp.) . #V7 (Dahlia spp.) . A~V A (Iberis
spp.) . ¥ —H L b (drgyranthemum spp.) . % D& Z=HEY)
TAF B — LI LD - 1B, RS ORI R
WAL, ERHEOSWIEEOH MEEREITIZ &%
HEGEL T, 4 NI BRI A 7 I e O
ME1ToT,

[755]
(1) MREHRRAE L SRR 7
B IS ABZEFT O AVF YA ZubarZFIAL, 5
FEFEOMBHIR L CLL N ORI A L 72,
OAVT7TaT7 A JkFE A4 (320 MeV) : 10~120 Gy
@~ T IH T KFE A4 (320 MeV) :5~30 Gy
@F VTR : ~VT LAF L (107 MeV) :4~16 Gy
@AY ZEWER  RFBAA (320 MeV) :3~4 Gy, BX
ONUT LAA L (107 MeV) :4~20 Gy
@~—HLyMEMIE: RFEAA (320 MeV) :2~12 Gy,
BEOANIT LAF (107 MeV) :2~50 Gy
(2) REEOEH
WU 14 O 71X — MEAIR A LI TIDIEREL
FOBOETIZHOETEAN ARRIRY MNIBHEL T
B U, IR b A SITHERT T, D% A FIC
HHETRYRY ML EIFL, BRLT,

[FER K OEE]
1) HVT7Fa7fT

RFEAZL (320 MeV) % 75 Gy UL HIRFTLUZ X Tl
FEHT, 50 Gy HRHHX TITIEIERITHEIE T DMK 2L
EFFRMEL o Tz, Fio, EFLEFEEICOWTHER
DR AEBARAROLDNE N0, BIERENETED
TENEZBND, ST 10 Gy DIV EREE L
VI R R R DR A Aot 32 BB D,
Q) v TEIHT

RFEAAL (320 MeV) 10~20 Gy HH XK DIEIERIL
90% %A Z 7278 25 Gy LA EBRGT LK CIFRFENMET
T A RO (Fig. 1), 20720 BHEFEIITHE LT
PRI YT 25~30 Gy && 2 b5,
(3) X VUT MR

AT LAFL (107 MeV)4~8 Gy BHXDAETFRIT
40% % B R 7275, 12 Gy B X T40%% a1V, 16 Gy fH
KTl 5%LL F&o7= (Fig. 2), 2078, 28 BRI
L7-MBAHHREIT 8~10 Gy L& 2 b5,

4) AV

IRFEAAL (320 MeV) ENVT AAFL (107 MeV) $£12
BHRBEICE DL TIRWAEFERE R L, BT L
IE AR ATHRLIE L RIR S 2L 02 L7223, HR &}
B O Z AT OBRIHEAE 3 DARTR A 08 FUIK CATF R AMK
TLZEEZBND, 5%, Fo T IVOIER T IEDORKREL,
HREET,
(5) ¥~—HL MWK

IRFEAAL (320 MeV) ENVT AAFL (107 MeV) $£1C
BHRBEICE DL PTIRWAEFERE R L, BT L
IEANYRERE, BV AL LRS- b 0%
FHUTZ03, BB 12 (TS VSR A UAS FE T DR D3 < 25
Niz, 5%, PP NVFRE R IERH EOBREETT,

ABFFERCRTIMSEATBOE N A A F b TEBR FE RS A
DYt Fet s e et I L Db D THD,

N o @ o
S o s 8 O

o
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Fig. 1 The relationship between irradiation dose and
germination rate of Mandevilla seedlings.
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Fig. 2 The relationship between irradiation dose and
survival rate of Dahlia plantlets.
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Development of Cesium-accumulating Bacteria by

Ion Beam Breeding Technology
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After the Great East Japan Earthquake on March 11, 2011,
the accident at the Fukushima Daiichi Nuclear Power Plant
of Tokyo Electric Power Company occurred a serious
radioactive contamination at an extensive area. Therefore,
it is an urgent issue to remove and recover the radioactive
materials from contaminated environments. Especially, a
long-term measures of cesium (Cs)-137 which has long
physical half-life (approximately 30 years) is required for
monitoring decontamination procedures. Bioremediation
uses Dbiological organisms to solve an environmental
problem, which draws attention as a technology with a low
environmental burden compared with physical and chemical
technologies. Microorganisms were often used for
developing a technology to and
contaminated environments.

remove recover
However, microorganisms are
sometimes not enough effective to achieve efficient recovery.
Therefore, enhancing the functionality of microorganisms is
needed to promote the active use of bioremediation. It is
expected to generate useful mutants with enhanced functions
by unlocking microorganisms’ latent potential using ion
beam breeding technology.

It is appropriate to use the radioresistant microorganism
under the radioactive contaminated environment. The
members of the genus Deinococcus exhibit extraordinary
resistance to the lethal and mutagenic effects of ionizing
radiations.  This resistance is attributed to its highly
proficient DNA repair capacity. In addition, genetically
modified Deinococcus radiodurans strains had been
generated to use for bioremediation under highly radioactive
contaminated environments'?. This study began with the
purpose of development of Cs-accumulating bacteria by ion
beam breeding technology. To accomplish this purpose,
we investigated which members are better suited for
Cs-accumulation in the genus Deinococcus.

The suitable deinococcal species was selected as follow.
Six Deinococcus species (D. radiodurans, D. grandis, D.
proteolyticus, D. radiopugnans, D. geothermalis and D.
murrayi) were cultivated at 30 °C for 20 h in TGY broth
(10 mL), added CsNOj (final concentration; 1 pg/mL) and
cultivated for another 20 h with agitation. Cells were
harvested, washed and resuspended in sterilized water
(0.5 mL). Cell suspensions were frozen and dried in vacuo.
Freeze-dried (FD) cells were subjected to acid digestion
with 6.5 M HNO; (2 mL) at 110 °C for 1 h and 140 °C for
1 h, drying at 80 °C for 20 h and finally resuspended in
0.1 M HNO; (1 mL). The Cs concentration in the cell was
measured with an atomic absorption spectrometer (AAS)

(Thermo Scientific, iCE 3400).

The non-radioactive Cs concentration in the Deinococcus
cells exhibited over 4-fold compared with that of the E. coli
by AAS analysis (Fig. 1). The intracellular Cs
concentration serves as an indicator of the Cs-accumulating
ability. This result suggested that D. radiodurans and D.
grandis are best two suitable species for the development of
high Cs-accumulating bacteria by ion beam breeding
technology.

D. radiodurans and D. grandis cells were began to
irradiate with ion beams for mutagenesis as follows. Cells
were grown, harvested, resuspended and frozen as described
previously®. FD cells were irradiated with five kinds of
ion beams (*He*" [50 MeV; 19.4 keV/um], '>C*" [320 MeV;
86.2 keV/um], “C>* [220 MeV; 121.8 keV/um], *°Ne®"
[350 MeV; 440.8 keV/um] and “Ar'*" [460 MeV;
1649.6 keV/um]) accelerated by an AVF cyclotron at
TIARA. The irradiated cells were cultivated at 30 °C with
agitation to fix mutation. Candidates of high
Cs-accumulating bacteria may be screened from the
population of mutagenized cells
intracellular Cs concentration.

by measuring the
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Fig. 1 The intracellular concentration of non-radioactive

cesium in Deinococcus spp. and Escherichia coli.
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Introduction

An enormous amount of radiocesium was released to the
environment as a major radioactive contamination during
the accident at the Fukushima Daiichi Nuclear Power Plant
of Tokyo Electric Power Company after the Great East
Japan Earthquake. Therefore, removing radiocesium from

contaminated  environment is an urgent issue.
Polyphosphate is a linear polyanionic biopolymer of
phosphate residues. The ability to store polyphosphate as
granules in the cell was found to be widespread among
microorganisms. Polyphosphate granules can be stabilized
by the surrounding positive charged ions in cells, suggesting
a possibility that the polyphosphate could accumulate
harmful metal ions such as radiocesium to protect the cells
from cytotoxicity”. Therefore, the highly accumulation of
polyphosphate in microorganisms is important to improve
bioremediation technology for removing radiocesium from
contaminated environment. In general, polyphosphate
kinase (PPK) and exopolyphosphatase (PPX) are responsible
for polyphosphate synthesis and hydrolysis, respectively.

exhibits
resistance to the lethal and mutagenic effects of ionizing
In addition, D.

considered as a microorganism for bioremediation under

Deinococcus  radiodurans extraordinary

radiations. radiodurans has been
highly radioactive contaminated environments>®. 1In this
study, we generated the polyphosphate biosynthesis-related
genes (ppk and ppx) disruptant strains and characterized
their disruption effect to clarify the role of polyphosphate in

the accumulation of cesium in D. radiodurans.

Experimental procedures

D. radiodurans ppk and ppx disruptant strains were
generated using a direct insertional mutagenesis technique.
The ppk promoter region was replaced by the groEL
promoter to generate a D. radiodurans ppk overexpressing
strain.  The intracellular level of polyphosphates was
measured using a MicroMolar Polyphosphate Assay Kit
(ProFoldin). D. radiodurans cells were cultivated at 30 °C
in TGY broth (0.5% tryptone, 0.1% glucose, 0.3% yeast
extract) until early stationary phase. The cells were
harvested, washed twice with 10 mM HEPES (pH 7.4) and
adjusted to an optical density at 600 nm of 0.5. Aliquots
(30 pL) were mixed with 30 pL of fluorescent dye solution.
Mixture was measured its fluorescence intensity at 550 nm
(excitation 415 nm). The relative intracellular level of
polyphosphate was normalized with the fluorescence

intensity of wild-type strain.

Results and discussion

In order to characterize the disruption effects, we
generated the ppk and ppx gene disruptant and ppk
overexpressing strains in a wild-type background. To
confirm gene disruption, the target allele of disruptant
strains was amplified by genomic PCR. A single PCR
product was observed in the ppk disruptant strain, indicating
a complete disruption of the ppk gene. In contrast, the ppx
gene disruptant strain invariably had heterozygous genomes,
indicating that the ppx gene is essential for cell viability in D.
radiodurans.

The intracellular level of polyphosphates in the disruptant
and overexpressing strains was compared with that of the
wild-type strain. The intracellular levels of polyphosphates
in the ppk disruptant and overexpressing strains were almost
On other
hand, the intracellular level of polyphosphates significantly
These

results suggest that the ppx gene plays an important role in

same and slightly increased, respectively (Fig. 1).
increased in the ppx disruptant strains (Fig. 1).
the accumulation of polyphosphate in D. radiodurans.

In the future,
accumulation and the sensitivity to gamma rays using the

we will investigate the cesium
gene disruptant and overexpressing strains generated in this

study.
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value of 1.

- 118 -



JAEA-Review 2014-050

Molecular Analysis of Heavy Ion Induced Mutations

in Budding Yeast S. cerevisiae

Y. Matuo ®, Y. Tzumi ¥, Y. Hase ”, A. N. Sakamoto ® and K. Shimizu ©

%) Research Institute of Nuclear Engineering, University of Fukui,
® Medical and Biotechnological Application Division, QuBS, JAEA,
© Radioisotope Research Center, Osaka University

The ion beam has some outstanding characteristics in
comparison with low LET radiations such as the gamma
rays. An important characteristic of the ion beam is that it
induces mutations with high frequency and through a broad
range. Then the ion beam has been widely used as the
mutagen for developing new varieties of plants and
bacteria'?. To investigate the nature of mutations induced
by accelerated ions in eukaryotic cells, the effects of
carbon-ion irradiation were compared with those of
gamma-ray irradiation in the budding yeast Saccharomyces
Carbon-ion irradiation at 100 Gy increased the
mutation frequency in the URA3 gene 100 times as
compared to the spontaneous mutation frequency. The
types of base changes consisted of transversion (68.7%),
transition (13.7%) and deletion/insertion (17.6%). Most of
the transversion mutations were G:C to T:A and all the

cerevisiae.

transition mutations were G:C to A:T. We found that the
base change mutations were often induced in 5'-ACA-3' and
5'-ACT-3' sequences. The most remarkable feature of the
mutations induced by carbon ions was that the mutation sites
were localized near the linker regions of nucleosomes,
whereas mutations induced by gamma rays were located
uniformly throughout the gene ™.

} ‘ ‘ S S
4 D>C2 >3 >Ca > >8>

URA3 gene of the wild type
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i i 2% i3
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URA3 gene with the altered nucleosome structure

We hypothesized that the locus of mutations might be
concerned with the nucleosome structure. Studies of the
nucleotide excision repair and photorepair suggested that the
DNA damage was repaired slowly on the nucleosomes but
was repaired quickly on the linkers®. We designed new
experiment to clarify this hypothesis. The yeast strain
carrying the URA3 gene on the altered nucleosome structure
was generated by genetic manipulation using pAURI12
plasmid and Aureobasidin transformation system (TaKaRa).
The yeast cells were irradiated with carbon ions (LET
107 keV/um) with the dose of 100 Gy.

The frequency of the URA3 mutation of the yeast strain
that has the URA3 gene with altered nucleosome was
approximately 5 times of the wild strain (data not shown).
Figure 1 shows the mutation spectrum in the URA3 gene and
Table 1 shows the summary of the sequence analyses. The
mutation position in the wild strain was inconsistent with
that in the yeast strain carrying the URA3 gene with altered
It is suggested that the locus of mutations
depends on the nucleosome structure. We will accumulate
the data further to examine the above hypothesis.
Moreover, we are going to determine the nucleosome
structure of URA3 located on the altered nucleosome.

nucleosome.
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Table 1 DNA sequence context of mutations in URA3

+1 +100 4200 +300  +400  +500 +600 +700  +800 caused by carbon ion beam.
—L T T T T T T T T T T T T T T T [k
. e S Position ~Change  Sequence context Numbers
A Base change 8 +167 GtoA  AAT TTG TTT 1
) . +417 AtoT AGA AGT AGC 2
A Deletion / Insertion +419 Tto A AGA AGT AGC 1
+421 Ato G TGA AGC AAC 1
+662 Insert A GGT GA 1T GAT 1
Fig. 1 Mutation spectrum induced by carbon-ion +718 Insert A AAA 1 GGG AAG 6
irradiation in yeast. Arrows indicate the position of +740 Insert A TAGA1GG GTG 1
linker DNA of the wild type®. Numbers refer to the +761 InsertC~ AGCA1GG CTG 2

nucleotide position of URA3 gene. +1 is the A of the

initiation codon ATG.

Total 15
Arrow indicates the insertion site.

- 119 -



JAEA-Review 2014-050

3-50

Genome Analysis of the High Temperature Tolerant

Mutant of Bradyrhizobium japonicum USDA110 Generated
by Ion-beam Irradiation

K. Takeda®®, K. Satoh®, 1. Narumi ©,

Y. Oono b), N. Ohkama-Ohtsu ¢

and T. Yokoyama 9

% United Graduate School of Agricultural Science, Tokyo University of Agriculture and Technology,
® Medical and Biotechnological Application Division, QuBS, JAEA,
)Department of Life Sciences, Faculty of Life Sciences, Toyo University,
D Institute of Agriculture, Tokyo University of Agriculture and Technology

Bradyrhizobium japonicum is a soybean-nodulating
rhizobium that has an ability to elicit the formation of
specialized organs called nodules on their leguminous host
roots for the symbiotic nitrogen fixation. B. japonicum
strain USDA110 is one of the most popular inoculants for
soybean in the temperate area. The strain had been widely
used in the fields of molecular genetics, physiology and
ecology, largely because of its superior characteristics with
respect to symbiotic nitrogen fixation.

Recently, many researchers in Asian agricultural
institutes are trying to develop biofertilizers.
several researchers point out constraints on application of
biofertilizers. Major constraint of biofertilizer utilization in
agricultural practice is a viability loss of beneficial
microorganisms in biofertilizers by high temperature stress
during both storage and transportation. Therefore, we have
tried to improve high temperature tolerance of USDAI110
using carbon-ion beams ('?C>*, 220 MeV) accelerated by an
AVF cyclotron at TIARA. Consequently, we have obtained
a high temperature tolerant mutant that can maintain a high
survival rate at 42 °C for at least 7 days in yeast-mannitol
broth medium, and named it as M14.

The genome sequence of M14 was determined by a
whole-genome shotgun strategy. The pyrosequencing data
were accumulated using a GS Junior System (Roche Applied
Science, Mannheim, Germany) according to the
manufacture’s protocol. Mutation sites were predicted by
comparing these data to the reference sequence data of
USDA110 (wild type) by a GS Reference Mapper software.
Predicted mutation sites were confirmed using the Sanger
sequencing method one by one. In consideration of
spontaneous mutations in USDA110, the mutation sites were
sequenced using the both strains’ genome.

It was revealed that a large-scale structural change in the
circular DNA genome was occurred in M14. Namely, a
DNA region at the coordinates 4,029,225 - 5,299,697
(1,270,473 bp; 1.27 Mbp) was inverted (Fig. 1). This
region contained 8§ tRNAs and 1,139 genes with various
functions. Interestingly, the inverted region was flanked by
a certain sequence of 5’-TCAAA-3’. In addition to a large
inversion, the GS Reference Mapper software predicted base
mutations at 84 sites. However, it was found out that only
18 sites were unique to M14, and the remaining 66 sites
existed in both M14 and parent USDA110. These 18

However,

mutations were categorized into 16 single base substitutions
(subdivided into 8 transitions and 8 transversions), 1 single
base insertion and 1 single base deletion. Ten out of
18 mutation sites were distributed in individual structural
genes, and the remaining 8 mutation sites were located in
non-coding regions. Nine out of 10 structural genes were
expected to have some influences resulting from amino acid
substitutions at the translational level (Fig. 2).

The acquirement of high temperature tolerance in M14
could be attributed to these 18 base mutations and/or a
large-scale inversion. In the future, we will conduct further
analysis on these mutations in order to decipher the
molecular mechanisms of high temperature tolerance of
M14.

The coordinate
5,299,697

The coordinate
4,029,225

Inverted region 1.27 Mbp
(8 tRNAs and 1,139 genes)

\\\\\\\\\\—

> Inversion

USDA110
genome

M14

T

Fig. 1 Illustration of inverted region in the genomes of
USDAI110 and M14. Boxes represent inverted region
(1.27 Mbp).
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Fig. 2 Branching diagram of base mutations in M 14.
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Entomopathogenic fungi, such as Metarhizium anisopliae,
are economically important agents for integrated pest
management (IPM) programmes of insect pests. However,
negative effects of temperature, such as heat stress that
exceeds 35 °C, can have serious deleterious effects on
conidial germination and persistence, vegetative growth,
and/or the

entomopathogenic fungi.

sporulation, infection process in these
This may result in reduced
effectiveness of these fungi in biological control, especially
in hot seasons, tropical and subtropical regions, or in
glasshouses with elevated temperatures. In this study, we

attempted to enhance thermotolerance in a model
entomopathogenic fungus, M. anisopliae, by mutagenesis
using ion beams or gamma rays and evaluated the relative
virulence of the resulting mutants compared with the
wild-type isolates.

Two isolates of M. anisopliae (AcMa5 and PaMa02)
were used as the wild-type isolates. Conidia of each
wild-type isolate were irradiated with either carbon-ion
beams ('*C*, 121.8 keV pum™) accelerated by an AVF
cyclotron at TIARA, or with gamma rays (“Co,
02 keV pm™) at Food Irradiation Facility, JAEA.
Irradiated conidia were cultured at 38+1 °C (a temperature
high enough to prevent the growth of both wild-type
isolates) for 2 weeks to select for thermotolerant mutants.

Four mutants were isolated from the wild-type isolate,
AcMa5; one mutant (AcMa5-ib) was from ion-beam
irradiation (300 Gy) and three mutants (AcMa5-gr-1,
AcMa5-gr-2, and AcMaS-gr-3) were from gamma-ray
irradiation (100 or 1,000 Gy).

isolate, PaMa(2, one mutant (PaMa02-ib) was isolated as a

From another wild-type

result of ion-beam irradiation (100 Gy) and no mutants were
obtained from gamma-ray irradiation.

For vegetative growth, all the mutants derived from
wild-type AcMa5 had an upper thermal limit of 38 °C which
was higher than that (36 °C) of the wild-type by 2 °C (Table 1).
By contrast, mutant PaMa02-ib derived from wild-type
PaMa02 had an upper thermal limit of 39 °C which was
higher than that (36 °C) of the wild-type by 3 °C (Table 1).

Thermotolerance in conidial germination was evaluated
after exposure of conidia to 45+1 °C for 0, 0.5, 1, and 3 h
(Table 2). Conidia of the wild-type AcMa5 were unable to
germinate after 1 h exposure, whereas all the mutants
derived from it germinated (5.6-19.3%). By contrast, the
mutant PaMa02-ib derived from wild-type isolate PaMa02
was, like the wild-type, unable to germinate after 1 h
exposure, and also, its germination rate was not significantly

different to the wild-type after 0.5 h exposure.

At 25 and 30 °C, most mutants were as virulent to the
maize weevil adults as the wild-type, however, one mutant
(PaMa02-ib) almost lost virulence entirely (data not shown).
All mutants had no mutations in the neutral trehalase gene,
B-tubulin gene nor ABC transporter gene (ifT1) which were
previously associated with thermotolerance and fungicide
tolerance in entomopathogenic fungi (data not shown).

In conclusion, ion beams and gamma rays are useful tools

characteristics, such as

1))

for improving biological

thermotolerance and fungicide-tolerance ’, in entomopatho-
genic fungi, but the mutants obtained in this study must be

carefully evaluated for unpredictable negative side effects.

Reference
1) S. Shinohara et al., FEMS Microbiol. Lett. 349 (2013)
54.

Table 1
mutant isolates at different temperatures.

Colony diameter (mm, mean) of wild-type and

Isolate Temperature (°C)

30 33 36 38 39
AcMa5 22.0 16.1 2.1 0 0
(wild-type)
AcMa5-ib 279 189 49 0.7 0
AcMa5-gr-1 223 187 6.8 1.7 0
AcMa5-gr-2 252 16.0 6.1 2.3 0
AcMa5-gr-3 255  19.1 5.6 2.3 0
PaMa02 260 157 0 0 0
(wild-type)
PaMa02-ib 230 153 2.6 1.0 0

Table 2 Percent germination of wild-type and mutant
isolates after exposure to heat stress of 45 °C.

Isolate Hours of exposure to heat stress

0 0.5 1 3
AcMa5 92.3 18.7 0 0
(wild-type)
AcMa5-ib 93.0 66.1 19.3 0
AcMa5-gr-1 94.3 229 7.5 0
AcMa5-gr-2 96.0 459 5.6 0
AcMa5-gr-3 92.4 35.0 8.8 0
PaMa02 91.6 16.0 0 0
(wild-type)
PaMa02-ib 91.0 12.2 0 0
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Ethanol fermentation from hydrolyzed lignocellulosic
biomass with yeast is very important. However, in
common sense, there are several chemical inhibitors for
yeast from hydrolyzed biomass. Therefore, screening of
yeast strain, possessing the tolerance properties against these
chemical inhibitors, should be found from nature resources
or mutant libraries. The several researchers tried to breed a
tolerant yeast strain as a candidate by chemical mutation
methodology or ultraviolet irradiation methodology.
However, there was no report about the drastically
alternation of yeast properties. In this research, by carbon
ion beam irradiation, the screening of candidate yeast strains
was performed.

The yeast strain was spread onto 40 mm agar plate, and
this plate was irradiated with carbon ion beams ("*C*,
220 MeV) accelerated by an AVF cyclotron at TIARA.
The irradiation dose ranged from 10 to 300 Gy. After
irradiation, the colonies on the agar plate were suspended
with 500 pL of SD medium, and the suspension was
collected as master library. One hundred pL of this master
library was inoculated 5 mL of liquid SD medium
containing 50 mM acetic acid as model chemical inhibitor,
and incubated 48 h at 30 °C. Then, the cultivated culture
medium was also inoculated again into fresh liquid SD
medium containing 50 mM acetic acid, again. Then, the
culture medium was spread onto agar plate containing acetic
acid, and incubated for several days at 30 °C. Then, the
colony formation unit (CFU) of yeast was evaluated. Asa
result, the number of CFU was decreased depending on
radiation dose (Fig. 1). In the case of 250 Gy over
irradiation, the CFU number was decreased to less than 10%
of total living cell, and it was assumed the good condition
for mutation by carbon ion beam irradiation.

Next, the colony screening was performed with a 96-deep
wells microplate. Each colony grown on agar plate was
inoculated into 1.2 mL SD medium in each well by
toothpick, and the cultivation was performed at 30 °C for
48 h. Then, the cultivated yeast was separated by
centrifugation, and resuspended with 600 pL SD medium
with 50 mM acetic acid. The fermentation was carried out
at 30 °C for 48 h, and then the ethanol concentration was
evaluated by spectrophotometric assay method. As a result,
several stains exhibited high ethanol production profiling
compared with that of wild type strain.

Finally, the detail cultivation profile was investigated in
shaking flask scale. By using screened one colony strain,
the cultivation profile was investigated from 20 mL liquid
SD medium containing 50 mM acetic acid (Fig. 2).

Compared with wild type strain (Fig. 2A), the ethanol
production yield was improved in the case of selected strain

(Fig. 2B).

It was assumed that the carbon ion beam

irradiation could be influence to yeast cell, and improve the

metabolic pathway.

In future, by using this selected yeast,

the ethanol fermentation from hydrolyzed biomass with high
efficiency would be performed.
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We analyzed genome sequence of the high ethyl caproate producing sake yeast mutant (No0.227) generated by ion beam

breeding in order to investigated factors contributing the reduced ability to alcohol fermentation.

In the high ethyl caproate

producing sake yeast, four pyruvate decarboxylase genes (PDC), six alcohol dehydrogenase genes (4DH), two biotin
synthesis genes (BIO) and chitinase gene (C7S7) might be involved in the reduced ability to alcohol fermentation. The
genome sequence of the strain No.227 was determined by a whole-genome shotgun strategy using pyrosequencing method
and compared with the whole-genome sequence of the sake yeast strain Kyokai 7, which is characterized by the fermentation

property, as a reference sequence.

For the PDC, ADH, BIO and CTS! loci, no mutation was found in the strain No.227,

suggesting that these genes did not involved in the reduced ability to alcohol fermentation.

BEERTIE, FV T A OB EEHEEERABE R TS
TN, RFAT L E— LR (2CY, 220 MeV, TIARA)
(S X DZEIRIE BB 3 C RVl F TR R O BR R 24T
STEY, TNETITGEEERFG DFEKK D ThdH 71
BT VR S AR FE T A BIEERERE (No.227) ZAEHL
720, UL, A7 o BT L& A FERE R T L2 — L
HEERENTIRBIEN DD, T, B RE B ORY -5
BEREMMI L2 K7 TR LR A L BEE U, BIFZE D247 % IR
29— R Lo TND, AIFFETIX, A4 B —LZERE
HERICIVEHUIIEBERR OS5 DNA RS
ERRHEL ., FEEREIE S OMREL Y ) ME M BEICHH S L
7o CWDEEREE IR D 28T I RERIE D AL T~ — )L
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AF 2 — DRI BT IR U768 I % B
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FEECHNIL. GS de novo Assembler Y7 =T IZX0F A
FEEEAAT o7, TIT, GS Reference Mapper Y7 hy=7
EFRHOC, F/LAERBNABEIN TWAEBRERT
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(ADH) %= —N¥ 585 7-#£123 B L. GENETYX-MAC
V7 =T (Genetyx f1) & VT B OF TSV THiE
BratTo72, BT, 73— LREBEREIR T ~ D B 2VR
ESALTWDE AT U RITBRAREWAR A2 B 535 BIO2 K&
O BIOS ROAMAE 5y ZUCBE 5975 CTS1 7l %2 —R 9%
BRTHECOWNTH I TR Z T o7,

GS Junior AT AZX 5T No.227 @ DNA i HE %1%
B LT (Table 1), PELIRHEEILER 219 Mb & W
TT ) LR LTS R. 361 O contig 23G541,
T IBFAZN 14.6 Mb EHEES T, S288C KU Ky7 D
)BT AZXDHK 12 Mb EHEES N TVDDIZH
2.6 Mb REWETHD, ZIUTFEHTLEEN 15 LEL,

Contig HIZF vy 7 &L ELeled LHERIS L, Tiedy —
T AEITHIZE T, JOREEN M LT 58E 26,

PFELTZ No.227 D DNA HEEERLFIZ DT, S LR e
INBUE O A J OV Rz 8y e fRE & T, S288C Lkt
203 68,853 T CHAZDICH L, RICEWNEERTHD
Ky7 LD Tl 1,254 EFTicE EE 572 (Table 2) . F7e,
Ky7 & No.227 Ti&, 7V a— LR BEREIR T ~DOBE R
&SN TS PDC, ADH, BIO } O} CTSI s+ 88 1E,
FREBPTIL AN /2D o7, fEo T, ZIH DB AR
T 7 aE — 4 — @ik a & e LIRERI T OO %
BERELETOBATREMENE 2 b,

AtelE, BICY — I T AEATHT L RGN % 1) B &
WHldc, S 2 T T Ic SOV TH R
L2 hudiebren, £o, KR TIEY ) 57 — 203 AR
TS S288C BEU KyT EDLLBELITA72D3 272 M3,
No.227 DR THDHE 1IN 901 = D47 /2 DNA ik
BLAZREL ., T DB N5 D,
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Table 1 Summary of sequencing and assemble.
Number of reads 497,772
Total bases (bp) 218,401,406
Average read length (bp) 439
Number of contigs 361
GC content (%) 38.11
Average sequencing redundancy 15
Estimated genome size (Mb) 14.6

Table 2 Differences between No.227 and other genome-
sequenced strains.

References S288C Ky7
Estimated genome size (Mb) 12.07 11.88
Coverage (%) 94.02 96.59
Differences 68,853 1,254
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Role of DNA Repair and Effect of Herbal Extract on LOH

Induced by Ion Beam Radiations in Saccharomyces cerevisiae

T. Nunoshiba ¥, A. Yamauchi ¥, R. Twata®, K. Satoh ”, Y. Oono ® and 1. Narumi ©

? International Chrlstlan University, ® Medical and Biotechnological Application Division,
QuBS, JAEA, ¢ Department of Life Sciences, Faculty of Life Sciences, Toyo University

The LOH (loss of heterozygosity) induction by various ion beam radiations was investigated in diploid Saccharomyces

cerevisiae.

The ion beams *C**, 2C*", *He*" and *°Ar"** at the lowest dose of 37.5 Gy, which had ~10% lethality, induced

LOH with ~5-fold higher frequency, with dose-dependent manner until 150 Gy. The LOH induction was predominantly

(~90%) resulted from homologous recombination.

Polf may be involved in the induction of LOH by ion beam radiations,

because in the strain lacking Rev3, only slight induction of LOH was observed, whereas no remarkable effect of deletion for

Poln was observed on ion beam induced LOH.

In addition, the effects of Eucalyptus regnans extracts were examined on

iron-beam radiation induced LOH, and ethanol extract of Eucalyptus regnans possessed inhibitory effect on LOH induced by

12¢%* “He?" and “°Ar'** ion-beam radiation.

DNA (THITHIBANE, HDVMISMITERIC > THE
AW DBRETIRENTWAT=D , Afma o237
LB DNA 2372 2 TR R IEREIIETR
L. &7 DG HERT 200MIE D> TS, e TERMME
FEDORBIERETH LT/ MMEMOHERHEEZALNICT S
X, B MBS E MR TS ECHEFICEETHD,
BRESTE R OWEW T ) D~DEBEASLICT D720
o213 2 R SRR O e~ T o A PR E 4L (LOH:
loss of heterozygosity) 1 Hi R A4 BRI LTz, 20 2 {EARTHE
TI% LOH #FFHHEE L LB 1T Z 572 LOH 23 2 IRIN72 289K
R RFEFRHZ IR T DR T AR X, F21X
Yt (R DR Y72 5 BT R 2 B R DV 9
WZEDODELHEE T HIENTED, ZOKRHREHNT
LOH #3542, A4 B — A Lo THIERERE 05 ) LR
) BHEFFHEAE ~ D BN B3 5 AL A A5 | DNA
EECHETRVEZ DNA ARREEZORENZ SV TR
LTz, A2 —LHENZ WL, &l &1 AR ZEAT
TIARA IZHWT, 4 FEDAA L —0 (PC 5 220 MeV,
12C6* ;320 MeV, “He® ; 50 MeV KT “Ar' ; 460 MeV)
ZIREL72(37.5~225 Gy),

ZORER, FAROEE, FERE MR 2~5x 107 T
HHOITHL, PCT RO PCI S e/ MR R D 37.5 Gy
TEBIT 1~2x 107 & 5 (ERREOMET LOH 2% L.
*He* lZ oW TH BRI/ MR EED 37.5 Gy T1~2x 107 &
5 %, YArTCH IR IMRE D 37.5 Gy T1~3%x 107
&5 EOMEET LOH 5% L. W oL A bR Rk
BIIZ 4~7 x 10° BEETREBR I B2 LR (75~
150 Gy £T) B RLI, UL Loz kb k&7 LOH
PBRBEEO ERIZR LN o7 (Fig. 1), Blgishi-
LOH D 90%FEEE 1, FARIKL I X ARAF OB T- B HL0AE

IZEDH DT, YRk OREESEIZL DL DX T
10%%£f“f\ EHRPBELEDZEIT RO o7z, FT
translesion DNA polymerase T#&2 Poln(Rad30) . Pol{
(Rev3) REHEZL T ZEHRBHRIZOWTYH, A4 E—A
TRHHZ XD LOH #FEIC SWTRFIL 72, £ 0% F, Rad30
RIBERIZOW T, WO T B AR E R &R 81T
RO o723, Revd KL TIE, FEMREH T 1~4 x
107 LLOBEEY LOH MNEMEE THELOD, STk -
T 37.5~150 Gy TENEH 2~3 {50 LOH FR LA
5T, 250 LOH #5%812 translesion DNA polymerase

Polg DRAE-MA A, FHFRICEDE VT RSN o7z
(Fig. 1), Poln(Rad30) Pol¢ (Rev3) — E KABLRIC OV TIL,
T4V =B R RN ELS | BREZOLOBAR
HET, E)?Efﬁﬁ‘h%ﬁ?%%ﬂfmhoto
ZOAF e —AIZED LOH BENEIEREEIEFET
DINEIMERRFTT D HAIT, Oy DIHERD Superoxide
dismutase (SOD1) O KK ZHILL , O, 1H EHED KB
O (Tt 4 D A MR 9 5L &H 1T, haploid (28175
H SRZEIRZE BB FE Js L O8 diploid (235172 B %% LOH %
BREEZARE LT, Z ORGSR, KIBHETIX haploid TOHSK
ZEIRIE BAEFE BT AERR D 2.5 12, diploid (281)% LOH
HEBES 3 FIC LR L, 4% ZoERWT, A4
E—ADY ) WERHERF ~DE BT 5T ETHD,
IhETIZ 12C5+EE%T _ctzs LOH #FHIZHKIL T, =—H
):‘:%zmﬂiﬂ%ﬁﬁ EREE 52T IINEICES
P R A fesi LT, %_fﬂﬁ@xﬁ%ﬁ\ﬂﬂ@4~/t —
AZED LOH FHFICH RLNDNEINET T, EDhE
B ERINTIX4~7 X 107 TH->72 LOH A3, —HVHSN
TIE 6~9 x 107 TETHHIL 7z, 4. ZOIHIZh Lok
% [ZOWTC, 2 OB IR X DNA A 5K, DNA &1
DRI IR0,

1.0E-1
I?Cs- AUArIJ-
1.0E-2 ®
1063 * S T
g
c +wt ¥rev3 *rad30 wt “#rev3 “+rad30
g 1.0E-4
o
£ 1061 e e
g C e
= 1.0E-2 .
1063 * 74 T
~wt " rev3 “rad30 ' *wt*rev3 “*rad30
e 0 100 200 0 100 200
lon Beam Radiation (Gy)
Fig. 1 LOH induced by ion beam radiations in wild type

and translesion polymerase deficient S. cerevisiae.
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Characterization of Pt and Pd Epitaxial Films on

Sapphire Substrates by RBS/Channeling

S. Yamamoto, T. Hakoda and M. Yoshikawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Platinum (Pt), Palladium (Pd) and Gold (Au) are typical
industrial catalytic materials. The Pt is the most attractive
catalyst for an oxygen reduction reaction in polymer
electrode membrane fuel cells. The Pt and Pd are also used
for hydrogen and organic-hydrides gas sensors as
dehydrogenation catalysts. High quality epitaxial Pt, Pd
and Au films were required to understand of catalytic
processes and further improvement of their catalytic
properties. Single-crystalline sapphire (a-Al,Os) substrate
has excellent features suitable for thin film growth such as
the good thermal stability and the chemical inertness.
Especially epitaxial Pt and Pd films on a-Al,O; substrates
have been well studied by X-ray diffraction™®. In order to
characterize of grown epitaxial thin films, X-ray diffraction
and ion beam channeling assessment are essential and
complementary. In the present study, the orientation
relationship between the epitaxial film and o-Al,O3
substrates was determined by X-ray diffraction analysis.
The Rutherford backscattering spectroscopy (RBS)/
channeling analysis was performed to characterize the
epitaxial films by employing *He" ions with the energy of
2.0 MeV at JAEA Takasaki. Epitaxial Pt, Pd and Au films
were grown on o-Al,O; substrates by rf magnetron
sputtering in an argon atmosphere from Pt, Pd, and Au
targets.

Figure 1 illustrates typical RBS spectra from Pt on the
a-AlOs5 (0001) substrate deposited at 600 °C taken under
random and the <111> aligned conditions. The thickness
of Pt film was approximately 100 nm. In the aligned
spectra, one can recognize two peaks which are located at
the surface and interface of Pt film. The peak at a lower
energy side reflects possible imperfections in the Pt layer
adjacent to the a-Al,O3 (0001) substrate. The ratio of the
<111> to random spectrum yield (minimum yield) from Pt

2x10“_.,....,....,..(.._.1._
—_ L o Pt ]
£ [ |4 <20 MeV “He' )
: - .L-' FP<— -
S - e .
S b ]
= Ix10° Random 7
< B ]
e C ]
Pt<l11>
(0] ]
0 %Ml Loadoot ol JM L]
0.5 1 15 2
Energy (MeV)
Fig. I Two MeV “He" RBS/channeling spectra from the

deposited Pt (111) film on the a-Al,O; (0001) substrate.
The thickness of the Pt film was 100 nm. The aligned
spectrum was taken along the <111> axis of the Pt film.

film is approximately 4.8% at just behind surface park,
which demonstrates the excellent crystal quality. The
results of RBS/channeling analysis on the Pd/a-Al,O3
(0001) indicated that epitaxial Pd (111) films were grown on
the a-Al,O5 (0001) substrate deposited at 500 °C. Figure 2
shows typical RBS spectra from the Au (250 nm) and Pt
(1 nm) layers on the a-Al,O; (0001) substrate measured
under the random and the Au<111> aligned condition. The
substrate temperature for the Pt (111) buffer layer on the
a-Al 05 (0001) was 600 °C, and that for the Au (111) film
on the Pt (111) buffer layer was 300 °C. In the aligned
spectra, the yield degrease with increasing from the interface
to the surface region. It indicates that the crystal quality of
Au (111) layer was improved with the increase of the layer
thickness. The minimum yield for the Au <111> axis goes
down to about 10% at just behind the surface peak of the Au
film even if the Pt buffer layer thickness is only 1 nm.
However, the Au deposition directly on the o-Al,O3 (0001)
substrate did not induce any good channeling behavior even
if thin films were prepared at substrate temperature of
300 °C.

In summary, epitaxial Pt (111) and Pd (111) films were
grown on a-Al,O5 (0001) substrates at substrate temperature
of 600 °C and 500 °C, respectively. Furthermore, epitaxial
Au (111) films were successfully grown on a-Al,O5 (0001)
substrates with a high quality Pt (111) buffer layer. For the
growth of Au (111) film, approximately 1 nm thick Pt layer
is good enough as a buffer layer. Epitaxial Pt (111) films
have a potential to use as a buffer layer to adjust the lattice
mismatches with o-Al,O;3 substrates for further growth of
different materials.

References
1) G. R. Harp et al., Thin Solid Films 288(1996) 315.
2) H. Zhou et al., J. Crystal Growth 234 (2002) 561.
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£ i HTEANAL ]
S C & Random ]
= 1x10° .
3 [ ]
- C Au<l111> ]
S N .

0 1 I I S [ V1
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Fig. 2 RBS/channeling spectra from the deposited Au
(111) film on the Pt (111)/a-Al,O5 (0001) substrate.
The thicknesses of the Au film and Pt layer were 250 nm
and 1 nm, respectively.
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Formation of Poly(vinylpyrrolidone) Nanowires

Decorated with Au Nanoparticles

S. Tsukuda ¥, M. Sugimoto ?, A. Idesaki ©, M. Yoshikawa ), S. Seki® and S.-I. Tanaka ¥

¥ Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,
® Division of Applied Chemistry, Graduate School of Engineering, Osaka University,
° Environment and Industrial Materials Research Division, QuBS, JAEA

A high energy single ion can induce local cross-linking
reactions of polymers along the ion path and produce a
cylindrical in the film '?.
Developing irradiated samples using a solvent to remove a

nanostructure (nanowire)

non-cross-linked polymer affords isolated nanowires with
controlled size and number density. This direct fabrication
technique of polymer nanowire is called a single particle
nanofabrication technique (SPNT). In this study, hydrogel
poly(vinylpyrrolidone) (PVP) nanowires were formed using
SPNT, and the surface of the nanowires were decorated with
The
number and size of Au nanoparticles can be also controlled

Au nanoparticles by photo-reduction treatment.

by changing the reduction conditions.

PVP was dissolved in isopropanol (IPA) at 5 wt% with
N,N'-Methylene-bisacrylamide (MBA) as cross linking
agents.
The thin films were exposed to beams of 490 MeV '*20s***
at the TIARA cyclotron accelerator facility of the Japan
Atomic Energy Agency (JAEA).
development, the substrates were immersed into a methanol
containing HAuCl,; and PVP as capping reagents. The
reduction of HAuCl, was carried out by UV irradiation for 5,
7.5, 10, and 15 minutes.
were rinsed with pure water to stop the reduction reaction

After irradiation and

After UV irradiation, the samples

and dried. Observation of nanowires and measurement of
sizes of Au nanoparticles were subsequently carried out
using SEM and TEM.

The PVP nanowires decorated with Au nanoparticles
were successfully fabricated by SPNT and photo-reduction
treatment as shown in Fig 1. The Au nanoparticles were
This result
indicates Au nanoparticles were rapidly formed on PVP
compared with that in the solution.
suggest that the

selectively formed on PVP nanowires.

Therefore, it might be
which consist of

PVP nanowires,

Fig. 1
SPNT on Si substrates.
photo-reduction in a methanol containing HAuCl, for (a)5, (b)10, and (c)15 minutes.

These solutions were spin coated onto Si substrates.

SEM micrographs of PVP nanowires decorated with Au nanoparticles.
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Fig. 2 Relationship between number of Au particles and
reduction time. The particles were counted on one

nanowire by TEM observation.

cross-linked network structures, promoted the nucleation
and growth of Au particles. In order to measure the
number and size of Au particles, TEM observation was also
carried out. The number of Au nanoparticles on one
nanowire were increased with an increase in the reduction
time as shown in Fig. 2. Especially, the PVP nanowires
were completely covered with Au nanoparticles after
reduction for 15 minutes [Fig. 1 (c)]. The size of Au
particles was also measured for each reduction time. The
values were 9.3, 11.7, 13.9, and 17.5 nm for 5, 7.5, 10 and
15 minutes, respectively. Therefore, the reduction time is
very important factor to control the size and number of Au
nanoparticles on PVP nanowires.
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The PVP nanowires were prepared by

The formation of Ag nanoparticles on surface of PVP nanowires was carried out by
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Formation of Hybrid Polymer Nanofiber Including Metal

Nanoparticles by High Energy Ion Beam Irradiation

M. Sugimoto ®, S. Tsukuda ™, M. Yoshikawa®, S. Seki © and S. Tanaka”

%) Environment and Industrial Materials Research Division, QuBS, JAEA,
® Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,
2 Department of Applied Chemistry, Osaka University

A nanofiber with a quite large specific surface shows
excellent catalyst and absorption activity compared with
bulk materials”. In the present work, we succeeded in
obtaining nanofiber containing platinum (Pt) nano particles
synthesized from poly(vinylpyrrolidone) (PVP) and
hexachloroplatinic(IV)acid (H2PtCle) 2. However, the
nanofiber was discontinuous in the case of over 7.5 mass%
concentration of H2PtCls, because the Pt nanoparticles
prevent the cross-linking reactions between each PVP
polymer chain. In this research, to stabilize the nanofiber
with continuous shapes, we tried to introduce many active
intermediates within an ion track by addition of the
cross-linking agent or additional electron beam (EB)
irradiation.

Poly(vinylpyrrolidone) was dissolved in 2-propanol at
5 mass%, then H2PtCle was also dissolved at 1.0~7.5 mass%
as against PVP.  Methylenebisacrylamide (MBA) was
added to each solution as the cross-linking agent. These
solutions were spin coated on a Si substrate to make the
polymer thin films, then they were irradiated in vacuum at
ambient temperature using 490 MeV '*>0s*" beams at an
jon fluence of 1.0x107~1.0x10° jons/cm®.  Subsequently,
some films were irradiated by EB with total dose up to
40 kGy. The irradiated films were treated using 2-propanol
and then the insoluble irradiated part of the film was
developed as nanofibers. The sizes of the nanofibers were
estimated using scanning probe microscopy (SPM).

The PVP nanofiber including Pt nanoparticles was

MBA concentration [mass %]

20 \\& ©15 020 A30 |

o

N
[$)]

ﬁ\
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Fig. 1 Dependence of the radii of the PVP nano fibers on
concentration of H,PtClg with concentration of
cross-linking agent 15 (<), 20 (O), 30 (2).

successfully fabricated by irradiation to thin films of PVP /
H,PtCls with the concentration of 1.0~7.5 mass%. The
radii of nanofiber also decreased with an increase of
concentration of H,PtCly as shown in Fig. 1.
indicate a decrease in the cross-linking efficiency of PVP.
Addition of MBA as cross-linking agent, nanofibers were
observed as shapes with an increase in
concentration of cross-linking agent at 20 and 30 mass%.
Besides, the radii of nanofibers increased from at 15 to
30 mass% of cross-linking agent. These results indicate
the high concentration of the cross-linking agent promotes
the high crosslink density of the polymer in the ion track.
Radii of the PVP nanofiber containing 7.5 mass% H,PtClg
formed by the additional EB irradiation are presented in
Fig. 2. The radii of the nanofibers also increased by
additional EB irradiation and the nanofibers were observed
as continuous shapes. It is suggested that EB introduced
additional cross-linking points in an ion track resulting in
stabilization of the fiber structure.

These synthesis methods using addition of cross-linking
agent or additional EB irradiation will enable to fabricate the
continuous nanofiber including metal nanoparticles with
high concentration.

Acknowledgment We thank Mr. Hiroyuki Kikuma for
technical advice of irradiation.
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Swelling of Radiation-cured Polycarbosilane

during Pyrolysis
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Use of carbon dioxide (CO,) separation membrane
consisted of CO, absorb/desorbent such as lithium silicate
(Li4Si04) have been paid attention for CO, capture and
storage (CCS)". In order to improve gas permeation
property of the membrane, plugging pinholes formed
between crystal grains of LiySiO4 by chemically inert
precursor-derived silicon carbide (SiC) is of interest. In
this viewpoint, volume shrinkage of polymer precursor,
polycarbosilane (PCS) should be as small as possible during
pyrolysis. This research aims at revealing mechanism for
prevention of the volume shrinkage of PCS when it is
converted into SiC by pyrolysis.

PCS powder was cured by electron beam irradiation with
the dose of 12 MGy in helium at room temperature.
Radiation-cured PCS powder was annealed at 673 K in
argon, in order to kill the radical formed in PCS by
irradiation. Annealed powder was pyrolyzed at 773, 823,
873,973 and 1,073 K in argon to convert it into SiC powder.
Weight change of as-annealed PCS powder before/after the
pylorisys (ceramic yield) and densities of powders were
measured. For each pyrolysis temperature, densities were
measured for five small rumps of pyrolyzed PCS powder
using Archimedes method. Estimated average density and
ceramic yield were used to calculate volume change of
pyrolyzed PCS powder. Nitrogen isotherm was measured
at 77 K to obtain total volume of pores formed in the powder
and to calculate surface area.

Figure 1 shows density and volume change of pyrolyzed
PCS powder. At 773 K, there is subtle but certainly
decrease of average density from 1.08 g/cm® to 1.05 g/em’.
Over 773 K, average density is monotonically increased
until 1,073 K. While, little increase of volume change
from 1 up to 1.02 is observed at 773 K, indicating the
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Fig. 1 Plots of density and volume change of pyloryzed

PCS powder. At 673 K, density and volume change
for as-annealed powder are plotted.

powder was swelled. For the pyrolysis temperature over
773 K, monotonically decrease of volume change is
observed. During the pyrolysis, the weight of PCS powder
was continuously decreased with increasing the pyrolysis
temperature, as it was converted into SiC powder.
Therefore, it is interesting PCS powder was swelled and did
not continuously shrink proportionally to the weight
decrease, despite progress of the conversion.

Total pore volume and surface area are shown in Fig. 2.
Total pore volume means total volume of pores whose
diameter is less than about 60 nm formed in as-annealed or
pyrolysed PCS powder. Both total pore volume and
surface area increased with increasing the pyrolysis
temperature and reached maximum at 823 K. Total pore
volume at 823 K is approximately three times larger than
that of as-annealed powder. It indicates numbers of pores
were formed in PCS powder during pyrolysis. Increase of
total pore volume and surface area attributed to volume
swelling as well as decrease of density of PCS powder
shown in Fig. 1. With increasing the temperature over
823 K, total pore volume and surface area are decreased to
almost 0 at 923 K. Decrease of total pore volume and
surface area in this temperature range corresponds with
volume shrinkage shown in Fig. 1. In summary, volume
shrinkage of PCS powder during pyrolysis was prevented by
swelling by formation of pores. So as to use PCS for
plugging pinholes of CO, separation membrane, further
optimization of curing and pyrolysis condition is required to
relieve the shrinkage by high temperature pyrolysis.
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Fig. 2 Total pore volume and surface area of pyloryzed
PCS powder. At 673 K, total pore volume and surface
area for as-annealed powder are plotted.
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Sodalite zeolite membranes have been developed as
hydrophilic water permselective membranes .  Sodalite
zeolite is one of the 6 membered ring zeolites, and water
diffusion through 6 membered rings is slow due to the small
size of the 6 membered ring. Water considered to pass
through the intercrystalline pathways of polycrystalline
sodalite membranes. However, the permeation mechanism
through sodalite membranes is not clear. In this study, the
permeation properties through sodalite membranes was
discussed by using post treatments such as ion beam
treatments. The effects of the post treatments can be
investigated by comparing the permeation properties before
and after the post treatments.

Sodalite zeolite membranes were synthesized with
sodalite seed crystals on porous o-alumina tube substrates
(¢: 10 mm, 150 nm of the pore size: Noritake Co.) based on
the recipe described in the former literature V. Sodalite
seed crystals were coated on the alumina substrates by
changing the pH of the seed slurry between 3 and 12.
Hydrothermal synthesis was carried out in the parent gel of

SiO,: Al,O5: Na,O: H,O=5: 1: 50: 1,005 at 140 °C for 3.5 h.

There were two kinds of post treatments for the sodalite
membranes. One was the ion beam irradiation. Ion beam
irradiation was carried out using '*?Os**" ion at 490 MeV by
using a cyclotron. The irradiation fluence was at 3.0 X
10" jons cm ™. The other was the alkaline treatment?.
The sodalite membrane was immersed in 0.1 N of NaOH at
75 °C for 5 or 10 min. The permeation properties through
the obtained membranes were evaluated by isopropyl
alcohol (IPA)/water pervaporation (PV) and single gas
permeation tests. [PA/water PV was employed for 80 wt%
of IPA at 75 °C. Single gas permeation tests were
conducted for He and N, at room temperature.

First, effects of the pH of the seed slurry were tested.
Figure 1 shows N, permeances through the sodalite zeolite
membrane plotted as a function of the pH of the slurry.
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Fig. 1 N, permeances through the membranes prepared by
changing the pH of the slurry coating.

10—10

Lower N, permeance indicates the compactness of the
membrane. The minimum N, permeance was 1.72 X
10" mol m™? s Pa™' for the slurry pH of 8. This can be
explained by the C-potential difference for the sodalite seed
crystals.  C-potential of the sodalite seed crystals was
measured by changing the pH of the slurry. C-potential of
the sodalite seed crystals was positive for the pH of the
slurry between 4.2 and 6.8, the potential was negative or the
pH of the slurry between 9.0 and 12.0. The potential was
0.10 mV (almost neutral) for the pH of 8. C-potential is
important for MFI zeolite seed coating®. The optimum
slurry pH was 2 for the MFI seeds that {-potential of the
MFI seeds was neutral. -potential for the sodalite seeds is
also important for the coating.

Next, the post treatments were tested for the sodalite
zeolite membrane prepared from the slurry pH of 8.
Figure 2 shows the single gas permeation results and PV
results through the soldalite membrane after the ion beam
treatment and the alkaline treatments. The water
selectivity over IPA was 158 through the as-made
membrane. After the ion beam treatment, water permeance
improved from 1.38 x 10® mol m> s Pa™' to 3.66 x 10®
mol m? s' Pa' keeping the IPA permeances at
approximately 8.7 x 10" mol m? s Pa'. As a result,
water selectivity increased to 423. N, permeance was also
increased from 1.29x 10™'° mol m? s Pa™ to 2.84 x 107
mol m? s Pa'. The pathways created by the ion beam
treatment showed water permselectivity. The irradiated
membrane was treated in alkaline for 5 min. IPA
permeance increased sharply, and water selectivity
decreased to 4 showing that the membrane was damaged by
the treatment.
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Formation of Poly(vinylpyrrolidone) Nanowires by

Ion and Electron Beam Irradiation
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The radiation sensitivity of polymers has been studied for
many polymers and types of ionizing radiations. The main
chemical effects are chain scission and crosslinking
reactions resulting in enhanced or reduced solubility.
Heavy-ion beams are used for high-density energy
deposition in polymeric materials, and the effects of ion
beams differ markedly from those for low-energy ionizing
radiation such as y-ray and electron beams. In heavy-ion
beam processes, the ionization and excitation processes that
occur in ion tracks result in the generation of active
intermediates at high density, leading to chemical reactions.
Thus, the ion irradiation of cross-linked type polymers
produced 1-d nano-gel (nanowires) by local cross-linking
reactions along in an ion track'”. Hydrogel nanowires of
poly(vinylpyrrolidone) (PVP) was also formed by SPNT.
However, the formation needs addition of crosslinking
agents because of low crosslinking efficiency of solid state
PVP. Actually, in the case of no addition of crosslinking
agent to PVP film, the nanowires were not observed on the
Si substrate after wet-development procedure, because the
irradiated parts were also dissolved during development
procedure. In this study,

irradiation to PVP film without crosslinking agent was

additional electron beam

carried out in order to form PVP nanowires which did not
contain a crosslinking agent.

PVP films were prepared on Si substrates by spin coating
technique. The thin films were firstly exposed to beams of
490 MeV '?0s*™" at the TIARA cyclotron accelerator
After
ion irradiation the films were also exposed to electron beam
with doses of 240 and 710 kGy (dose rate: 0.40 kGy/s).

facility of the Japan Atomic Energy Agency (JAEA).

After irradiation, a non-crosslinked polymer was removed
by development using IPA. At the dose of electron beam
more than 1 MGy, the films could not developed because of
gelation throughout the film. The direct observation of the
surface of the substrates were performed using an atomic
force microscope (AFM Seiko Instruments Inc.(SII)
SPI-4000).

Figure 1 shows results of ion beam and additional
electron beam irradiation with 0, 240, and 710 kGy,
respectively. The ion beam irradiation did not give the
nanowires [Fig. 1(a)], because the irradiated parts dissolved
during development procedure. It means
irradiation of PVP film could not

that ion
induced enough
crosslinking points inner ion tracks to achieve gelation.
After the electron beam irradiation, PVP nanowires were
successfully observed on the Si substrate. The nanowires
formed by electron beam irradiation with 240 kGy were
partially dissolved and separated in the structures [Fig. 1(b)].
In contrast, the continuous structures were observed with
increase of radiation dose as shown in Fig. 1(c). These
results indicate that electron beam irradiation form the
additional crosslinking points inner nanowires. Therefore,
the increase of density of crosslinking points prevented from
It is
suggested that ion and electron beam irradiation is very

disolving during wet development procedures.

useful to control the local crosslinking reaction along the

latent track.
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Fig. 1

AFM micrographs of nanowires based on PVP. The nanowires were formed by 490 MeV Os ion beam irradiation

at 1.0 x 10% ions/cm?, and additional electron beam irradiation with the dose of (a) 0 kGy, (b) 240 kGy, and (c) 710 kGy,

respectively.
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Effect of Atomic Weight on Critical Ion Fluence of

Amorphization of Polycrystalline SiC Nanotubes
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Since the discovery of carbon nanotubes (CNTs) in 1991,
many researchers synthesized a lot
one-dimensional nanostructured materials such as nanotubes,

have of new
nanorods and nanowhiskers for potential applications.
Some of them have reported that many nanomaterials such
as TiC, NbC, BN, SiO, and GaN nanostructures are
fabricated from CNTs as the template. SiC is one of the
most important wide-band-gap semiconducting materials for
high temperature and high power. And SiC is also one of
the most important structural materials at high temperature.
Therefore, SiC offers exciting opportunities in electronic
We
have reported that the polycrystalline C-SiC coaxial
nanotubes, which were CNTs sheathed with SiC layer, and
that polycrystalline single-phase SiC nanotubes were
synthesized?.  Furthermore, the amorphous SiC nanotubes

devices and in structural materials at high temperature.

were successfully synthesized by the ion irradiation of the
polycrystalline SiC nanotubes at 100 °C*. However, the
critical ion fluence and displacement per atom of
amorphization of polycrystalline SiC nanotubes has not been
investigated yet. The purpose of this study is, therefore, to
investigate the effect of atomic weight of irradiation ions on
the critical dose of changing to amorphous SiC nanotubes
from polycrystalline SiC nanotubes.

Carbon nanotubes (GSI Creos Corporation, Tokyo,
Japan) were used as the template. The C-SiC coaxial
nanotubes were synthesized by heating CNTs with Si
powder (The Nilaco Corporation, Tokyo, Japan) at 1,200 °C
for 100 h in a vacuum. Single-phase SiC nanotubes were
formed by the heat treatment of C-SiC coaxial nanotubes at
600 °C for 2 h in air. The single-phase SiC nanotubes

Fig. 1 Typical TEM image and the corresponding electron
diffraction pattern of amorphous SiC nanotubes.

dispersed in ethanol were deposited on nickel grid sample
holder for transmission electron microscope (TEM)
observation. These nickel grid sample holders deposited
with single-phase SiC nanotubes were irradiated with
3-MeV Ni**, Zt*" or Au*" ions at 100 °C. The ion fluence
ranges of Ni, Zr or Au ions were 1.7 X 10"%-7.4x10%, 2.2
10"-6.3x10" or 2.9x 10"7-1.5 x 10" ions/m?, respectively.

Figure 1 showed the typical TEM image and the
corresponding electron diffraction patterns of amorphous
SiC nanotubes. The results of TEM observations indicated
that polycrystalline SiC nanotubes completely
transformed to amorphous SiC nanotubes by Ni, Zr or Au
ions irradiation. Figure 2 showed the critical Ni, Zr or Au
ion fluence and displacement

were

damage of complete
amorphization of polycrystalline SiC nanotubes. Both
critical ion fluence and displacement per atom decreased
with increasing the atomic weight of irradiation ions. The
reason may be that the damage area induced by one
irradiated ion increased with increasing the atomic weight of
irradiation ion. These results indicate that the irradiation
with  heavier ions the amorphization of
polycrystalline SiC nanotubes at the lower fluence and
displacement damage.

causes
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Fig. 2 Critical ion fluence and displacement per atom of
amorphization of polycrystalline SiC nanotubes.
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for the 3-GeV Rapid Cycling Synchrotron of J-PARC
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A charge stripper foil is one of the key technologies to
keep high operating rate for multi-turn injection of high
power proton synchrotron. Typically carbon-based
material is used to strip two electrons off the incident H™.
J-PARC also requires carbon stripper foils to strip electrons
from H™ supplied by the linac in order to inject H' into the
Rapid Cycling Synchrotron (RCS).

charge stripper foil to endure heat load by energy deposition

It is important for a

from the beam. For a charge stripper foil in the RCS, we
applied the Hybrid type thick Boron-doped Carbon (HBC :
Boron 20%) foil which is developed with the arc-discharge
method by Sugai and has toughness for standing against
heavy irradiation. For the beam operation in RCS, the foil
thickness is about 1 pum (200 pg/cm?) corresponding to
conversion efficiency of 99.7% for 181 MeV injection from
linac.

We have investigated the characteristics of HBC foils to
develop much more long-lifetime foil about for five years
with TEM, lon-irradiating machine, RBS, PIXE, XPS and so
on in Tokai and TIARA (Takasaki lon Accelerators for
Although typical foil
thickness is 200 pg/cm? for the practical usage, in this study

Advanced Radiation Application).

we used foil thickness of 15 pg/cm? for the sake of ease for
TEM observation.
instead of H' in order to examine damage in a short period

We selected Ar' as irradiated ion
of time. Ar" of 300 keV, which we use as irradiated ion
from ion implanter in TIARA, can only deliver the energy
deposition by the ion beam into the foil and pass through
without ion implantation.

In this research, we found that impurity contents such as

Fe, Cu, Na, Al are different for each foil.
in amorphous phase, but they involved a lot of micro

HBC is generally

graphite grains of a few nanometer and many boron-rich
micro grains before irradiation of ions. In impurities, we
observed that metals such as Fe and Cu were grown to
crystallize micro grains from atoms, as shown by Fig. 1.
This phenomenon is one of the destructive mechanisms of
the HBC foil.
scattering and neutrons’ generation by nuclear reaction
against the

Such metals also contribute a large-angle

injecting beam. As a result, residual
radioactivity was increased around the foil.

On the other hand, though we actually have never
exchanged a HBC foil for the reason of distraction by the
beam operation, we have a big problem with residual
radioactivity of foil itself and components around it.
By energy upgrade of linac from 181 MeV to 400 MeV, the
problem get more serious to increase residual radioactive
dose. By nuclear reaction with the proton beam, long
half-life radioactive isotopes such as Na-22 and Be-7 were
mainly detected from the irradiated foils.

from Boron including as the basic component in HBC.

Be-7 is generated

Na-22 is generated from impurities such as Na and Al
Especially, Na-22 has
year-order long half-life and workers must be exposed to

contained in charge stripper foils.

radiation while treating the irradiated foils.
We found that these
components in the arc-discharge rod material and during the

impurities got mixed from
evaporative process. So, we made possible efforts in order
to improve of production control not to contain impurities
into foils and could get rid of impurities in HBC foils.

Fig. 1 STEM image and element
mapping (C, B, Cu) of HBC foil
after 5 hours irradiation of 300 keV
Ar ion beam. Nano-scale crystals
were generated by Cu atoms.
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Mach-Zehnder Waveguide Drawn by Proton Beam Writing
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Proton beam writing (PBW) technique has a capability to
fabricate next-generation micro-optical devices which will
be required in high-speed optical communications”. In the
previous study, we had demonstrated the direct fabrication
of Mach-Zehnder (MZ) type optical waveguides in PMMA
(poly-methyl-methacrylate)”. Optical switching functions
were successfully accomplished with this PMMA-based MZ
waveguides working at A=1.55 um. A switching power of
43.9 mW were obtained for the operation of PMMA-based
optical switch?, however, results indicated that enhance-
ment in optical transmittance of the MZ waveguide
structures is strongly required for the practical applications.

In this study, we demonstrated the modification of MZ
optical waveguide. ~An embedded structure of optical
waveguide was firstly demonstrated by decreasing the
proton microbeam energy down to 750 keV. Also the base
material of polymer waveguide was changed with PDMS
(poly-dimethyl-siloxane), which attracts many researches as
a potential candidate of a material with enhanced optical
properties for such micro-optical devices.

A 30-um-thick PDMS film (Toray Dow Corning
SYLGARD184) was formed on a plane silicon substrate
An MZ
waveguide, as shown in Fig. 1, was drawn inside of the
PDMS film using a 750 keV H" beam from 3-MV
single-ended accelerator. The H' beam energy was
selected to fabricate embedded optical waveguide structures
with the depth of approximately 18 um in the PDMS films.
Whole waveguide were drawn using the combination of a

(40 mm x20 mm X 0.5 mm) by spin-coat process.

proton beam scanner with maximum area of 8§00 pm X
800 um and a mechanical stage with the position accuracy
of 10 nm. The beam diameter was focused to
approximately around 1 um¢ with the beam current up to
50 pA. The symmetrically-coupling of two Y junctions
with a core with w=8 um were used to fabricate a
single-mode MZ waveguide structures in PDMS.

The several irradiations were performed with different
beam fluence from 40 nC/mm? to 100 nC/mm? and
evaluated by 1.55-um fiber-laser irradiation with different
light propagation conditions. Optical transmittance images
were obtained by Infrared vidicon camera Hamamatsu
C2741-03.  Figure 2 shows the optical transmittance
images of the PDMS MZ waveguides drawn by different
beam fluences. Two different angles of
fiber-laser-light were examined for each waveguide to
generate  different simple

estimation of light propagation mode. As shown in the

incident

excitation conditions for

Fig. 2, the light propagation through the MZ waveguide was
observed in both PDMS waveguides fabricated by proton
microbeam  with  comparably-low-beam  fluence of
40 nC/mm? and 100 nC/mm? Comparing the
transmittance images with different excitation conditions,
the results indicated that single-mode light propagation was
successfully accomplished by the embedded PDMS
waveguide fabricated with beam fluence of 100 nC/mm?.
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Fig. 1 Schematic drawing of PDMS-based MZ waveguide.
Different excitation conditions were generated by
changing incident angle of 1.5 um-fibre-laser.

20 pm 20 pm

750 keV H' with beam fluence of 40 nC/mm?

20 um

20 um

750 keV H* with beam fluence of 100 nC/mm?

Fig. 2 Optical transmittance images of PDMS MZ
waveguides. (a) and (b) were obtained with sample
fabricated with beam fluence of 40 nC/mm?® while (c)
and (d) were obtained that with fluence of 100 nC/mm?>.
Single-mode operation was evaluated for single light
spot in the image of (d) with alternated excitation
condition of (a).
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In this study, we examined synergic effects of both
surface modification of ion irradiations ? and alkaline
treatment on the initial hydriding rate of a Mm-Ni based
alloy. The irradiations by lanthanum (La) and cerium (Ce)
ions combined with an alkaline KOH pretreatment were
found much more effective in the enhancement of the initial
hydriding rate compared with irradiations with other ions.
This report describes the synergic effects of the surface
modifications by the both the surface irradiations with rare
earth ions of La and Ce, and an alkaline surface treatment on
the hydriding knetics. An alkaline atoms in the surface
oxide layers effectively reduce the work function of
electrons of the metal surface, and this leads to the
acceleration of the dissociation of H,O molecules, resulting
in the enhancement of the initial hydriding rate®®.

A pOWdeI’ Sample of the Mm-Ni:;.48C00.73MHOA45A10A34
(Mm= Laj 35Ceq¢s) (expressed as Mm-Ni in this paper) alloy
was used. The particle size was smaller than 38 um in
diameter. The alloy powder was pressed at 7 t/cm? to form
a pellet with a diameter 12.3 mm and a thickness 1.3 mm as
an electrode for electrochemical hydrogen absorption
measurement. Before electrochemical process, the pellet
sample was subjected to ion irradiations. Surface
modifications were made by ion irradiations and alkaline
treatment. Ion irradiations such as proton (H"), magnesium
(Mg"), potassium (K"), lanthanum (La"), cerium (Ce") and
bismuth (Bi') using a 400 kV ion implanter. These ion
irradiations onto the sample surface was made in an
acceleration energy of 350 keV, and a dose from 3.8x 10"
to 5 x 10" cm? at room temperature. For the electro-
chemical measurements of initial hydrogen absorption
reaction rate, before this process, these samples were heated
at 373 K for 30 min in 6M-KOH as an alkaline surface
pretreatment in this study, after ion irradiated and
un-irradiated samples.

Figure 1(a) and (b) show typical hydriding curves for
irradiated samples without and with the KOH alkaline
surface pretreatment, respectively. Irradiations were made
using H', Mg", K*, La*, Ce" or Bi" ions before the alkaline
pretreatment. The irradiation pretreatment enhanced
slightly the initial hydriding rate compared with those
without irradiation pretreatments [Fig. 1(a)]. However,
samples with the both pretreatments of the irradiations and
the subsequent alkaline treatment exhibited much higher
initial hydriding rates than that without the pretreatment
[Fig. 1(b)]. Apparently, a synergetic effect by the both
pretreatments can be seen in the enhancement of the
hydriding rate.

Generally, the ion irradiation induces high concentrations
of vacancy type defects in the surface region of a metal.
Since the vacancy type defects in the surface act as active
sites for ambient molecules like O, or H,O, surface
oxidation/hydroxidation proceeds vigorously in the exposure
of a sample to air. In this study, after the irradiations,

samples were exposed to air, and then subjected to the
alkaline pretreatment before electrochemical process.
Therefore, the surface of samples shown in Fig. 1(a)
exhibited retarded hydriding rates because of the formation
of surface oxide layers in air exposure.

On the other hand, the alkaline treatment of the alloy
surface induces the penetration of alkaline atoms in the
surface oxide layers, and this reduces the work function of
electrons of the surface, resulting in the enhancement of the
rates of the H,O dissociation and subsequent hydriding®®.
By the additional alkaline treatment of samples, the
irradiation effects became more distinct. ~ After the alkaline
treatment, samples irradiated with La" and Ce' ions
exhibited much higher hydriding rates than the other
samples irradiated with the other ions [Fig. 1(b)]. These
results may be explained by the formation and distribution
of vacancy type defects where the hydride nucleation and
growth easily proceed in the surface of samples.

Among the irradiations by H", Mg", K*, La*, Ce" and Bi",
the irradiation by La" or Ce' ions into the surface of a
Mm-Ni based alloy combined with the KOH alkaline
pretreatment was very effective in the enhancement of the
initial hydriding rate by electrochemical process at room
temperature. These ions induce vacancy type defects with
very high concentrations over 10 cm™ in the shallow area
of the alloy surface. With a combination of the KOH
alkaline surface treatment, the irradiation treatment by La"
or Ce" ions were found very effective in the enhancement of
the initial hydriding rate of a Mm-Ni based alloy. Further
investigation is required needed to confirm the relation
among ion species, vacancy distributions and hydriding rate.
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Fig. 1 Typical hydrding curves of samples irradiated by H",

M", K*, La", Ce™ and Bi” ions at 350 keV; (a) without and
(b) with alkaline 6M-KOH pretreatment, respectively.
Each ion dose was in the range from 3.8 % 10" to 1 x
10" cm™.
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We have studied application of a commercially available resist, KMPR from Kayaku MicroChem for proton beam
writing. The microstructures on the KMPR surface can be used as a mother for Ni electroplating, which can be used as a

mold for the LIGA process.
higher sensitivity than a typical negative resist, SU-8.

AWFIETIE, B RERWEER T o v — A
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ralL AT LA Vi LT,
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KABEE L CRIAESNDSU-8IE =y T2 7 MBI IR T
BV N — U PITFRAFLTZSU-8 DR E N H k727205,

FZTRIULSEXHT ML ARNTHS KMPR (b 3
Micro-chem #184) D &4 FL 72, KMPR % 6~120 pm
DJEIEREENSFIHET PBW & W= ENED BAf72 N T
\Z&D, BT AT MREE D TR T 5, (LRSS
BV, HHBREREZ T, Do B oLV AMNREL ATHE
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The KMPR resist was found to be suitable for the PB-LIGA process, since it shows six times

BT LSS 72 KMPR /34— 0 SEM 4% Fig. 1
VR T BRI LTAR T 7 X A DTEMD &
UM A fERR L7o, Figure 1 (bR T EOICEIEER < 15
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HidER 29 ThHholz, Py hARZ =TT D E
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BERWE 0 A% ML T DB DD, TR FERIC
T Ni B EDE—VRIFELNZ, LINLZRAD, UV A
YTV ML DR TR SR, B ORE N LT T,
BRGERFOE S, UV RS0 BERA ORI 21280,
PR A FRIR T DL BEDD D,

References

1) S. Okubo et al., Appl. Phys. Express 5 (2012) 027303-1.

2) H. Nishikawa, T. Hozumi, J. Vac. Sci. Technol. B 31,
06F403 (2013).

3) F. Watt et al., Mater. Today 10 (2007) 20-29.

4) N. Uchiya et al.,, Microsyst. Technol.,
1537-40.

5) K. Saito, et al., Nucl. Instrum. Meth. Phys. Res. B 306
(2013) 284-87.

14 (2008)

(a) Line and space, circle (b) Line edges

(c) Pillar arrays

(d) Magnified pillar arrays

Fig. 1 SEM images obtained for patterns of lines and
circles (a), lines with different width (b), and pillar
arrays (c) and (d), which were written and developed
respectively on 60-um and 21-pm thick KMPR layers
on Si by PBW at 3.0 MeV at a fluence of 5.0 nC/mmn’.
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The lithium concentration distribution in the lithium ion
battery (LIB) material was investigated using ion beam
analysis (IBA) technique in the microbeam system at
TIARA. It was found that the Li distribution was
non-uniform for thicker samples or fast charge samples V.
In this work, the relaxation of the non-uniformity of Li
concentration was investigated for fast charge and thick
positive electrodes made by two typical active materials:
LiNij Coq 15Alg 0502, (LNO) and LiFePO,4 (LFP).

The electrode (positive electrode) was fabricated from
the mixture of active material, LiNij 3Coq 15Alp 050, (LNO)
or LiFePO, (LFP), carbon black as conductive carbon and
binder (PVdF) on 25 um thick Al
these materials was 85:10:5 in weight and the average

The composition of

particle diameter of active material was about 5~10 pm.
The thickness of the positive electrode was 100 um for LNO
and 50 um for LFP and the area density was about
2.1 mg/ecm® for LNO and 1.0 mg/cm? for LFP. The current
densities for charging were 6 mA/cm® for LNO and
45 mA/cm® for LFP. The charging times were determined
as 15 minutes for LNO and 1 minute for LFP. The average
compositions of positive material after charging
corresponded to Lig75NiggoCoq15Alg 050, and LigsFePO,.
The IBA was applied for the fast charged electrodes made
by LNO and LFP. The specifications of the samples are
shown in Table 1. The electrolyte of the charged

electrodes was washed out to quench the battery reaction

Table 1 Parameters of samples.

Sample | | Vo1 | Lno2 | LN03 | LFP1 | LFP2 | LFP3
number

Active I .

et | LixNiosCou.15Al,050; LiyFePO,
Charge 2 C/15 min 30 C/1 min

rate

Thickness 100 pm 30 um
Relaxation | 60 | 600 | 3 60 | 600
time (min)

after the relaxation period. The relaxation periods are
selected to be 3 minutes, 60 minutes and 600 minutes for the
As shown in the Fig. 1, the

non-uniformity of Li distributions disappeared for the LNO

present experiments.

electrode within 1 hour, but it remains in the LFP electrodes.
It was found that the potential distribution inside the LFP
electrode was quite flat since Li concentrations were kept
constant for long time.

This means that the electro-chemical potential of
secondary particles inside the LFP electrode does not
depend upon the particle position. Namely, electric
potential does not depend upon the Li concentration of the
secondary particles.  This characteristics of LFP will
prevent the localized Joule heating caused by the current
localization. This is expected to be the advantage from the
point of safety issue of the LIB. On the other hand, the
energy capacity of the LIB made by LFP will be degraded
relaxation of non-uniform Li

because of the slow

distribution.
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Fig. 1 Relaxation of Li distribution non-uniformity of
LiNij gCoq 15Alg 05O, (charging 20 C/30 um-thick) vs.
LiFePO, (charging 30 C/100 um-thick) from 3 minutes
(left two) to 1 hour (right two).
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Non-stoichiometric titanium nitrides, TiNy, have covalent
properties as well as metallic and ionic properties, which
make them fascinating for both fundamental research and
technological applications. Recently, it has been revealed
that the interesting physical properties are related to the
crystallographic  (preferred oriented) and electronic
structures”. However, atomistic transformation processes
of deposited Ti films due to ion implantation, especially
correlations between implanted ions and Ti films in the early
N-implantation stage, have not been sufficiently studied.
In order to clarify atomistic transformation processes of Ti
films, in-situ observations by using transmission electron
microscope (TEM) and electron energy loss spectroscope
(EELS) have been carried out.

The as-deposited Ti films on thermally cleaned NaCl
substrates consisted of both TiH, and hcp-Ti with some
preferred orientations at RT. The N, ions with 62 keV
were implanted into hep-Ti and TiH, with preferred
orientations in the 400 kV analytic high resolution TEM
combined with ion accelerators at JAEA-Takasaki *).

In-situ  TEM observations have revealed that the
(110)-oriented TiNy, is formed by nitriding the
(110)-oriented TiH, in the band-like TEM contrast region of
the as-deposited Ti film, whereas the (001)-oriented TiN, is
mainly formed by the transformation of the
(03-5) -oriented hcp-Ti to (001)-oriented fcc-Ti. In-situ
EELS observations have elucidated that the release of H
atoms in TiH, proceeds preferentially in the -early
N-implantation stage, and that in the subsequent
N-implantation stage the electron density in the hybridized
band by N 2p and Ti 3d-Ti 4p states increases gradually
with increasing N-concentration, which means that the
number of N atoms bonding to Ti atoms increases gradually.
By comparison of the net areas of the energy loss peaks
concerning N 1s (K) and Ti 2p (L,3) electrons in electron
energy loss spectra for TiH, and hep-Ti regions, it can be
seen that at the initial implantation stage (less than
N/Ti = 0.25) there are more N atoms invading into the
octahedral sites in the fcc-Ti sublattice of H-released TiH,
than those invading into the octahedral sites in hcp-Ti
sublattice.  Since, in the equilibrium, the amount of
octahedral sites occupied by N atoms in hep-Ti lattice is
limited to the lesser amount than that in H-released fcc-Ti
sublattice by the solubility limit of N in hep-Ti [~20 at.%,
which corresponds to N/Ti=0.25%], the subsequent invasion
of N atoms in the hep-Ti lattice can be promoted only after
the transformation of hep-Ti to fee-Ti sublattices (TiNy).
This hcp-fece transformation is energetically not easy to

Q M

Fig. 1 The parallelogram prisms BKFE-LMNO and
JPKB-RQML are a unit cell of hep-Ti with two Ti
atoms, respectively. Solid circles and an open circle
represent Ti atoms and a N atom, respectively.

Further
invasion of N atoms into the hep-Ti become difficult, which

occur in the very early N-implantation stage.

leads to fewer N content in the hcp-Ti region compared with
On the other hand, when the N/Ti ratio
exceeds ~0.25, the amount of N atoms bonded to Ti atoms

that in TiH, region.

in hep-Ti region becomes the same as that in TiH, region.
Here, we define N/Ti, 0.25 as a critical concentration ratio.
It was found that the explanation of critical concentration
ratio N/Ti=0.25 can be done by using the model in Fig. 1, as
follows. Since there are four Ti atoms in the two unit cells
of hep-Ti such as those indicated by the two parallelogram
BKFE-LMNO and JPKB-RQML with atoms

indicated by C and I in Fig. 1, the critical number of

prisms

nitrogen atoms at the critical concentration ratio N/Ti=0.25
is one. As one nitrogen atom (indicated by G) has already
occupied one octahedral site (indicated by ABCDEF in the
model) at N/Ti> ~ 0.25, the transformation could occur
collectively when another N atom invades the neighboring
octahedral site (indicated by HIICBK).
invasion of N atom to the unoccupied octahedral site next to

This is because the

the occupied one induces the evolution of nucleus of the
hep-fee transformation.  Thus, the hep-fce transformation
should collectively occur by this evolution in order to reduce

the lattice strain due to the occupation by N atoms.
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Iron-based Heusler alloy Fe;Si is promising for a spin
injector into Si since high quality epitaxial growth of DOs
type ordered Fes;Si on Si(111) or Ge(111) has been
succeeded by low temperature molecular beam epitaxy
(MBE). In the Fe;Si(111)/Ge(111) heterointerface with
little lattice mismatch, thermally activated interdiffusion
between Fe and Ge atoms caused significant disordering of
atomic raw along Ge<111> axial directions”. On the other
hand, the Fe;Si(111)/Si(111) heterointerface has large lattice
mismatch by ~ 4%. This elastic condition at the
heterointerface may give a considerable effect on epitaxial
quality.
have applied axial ion channeling (AXIC) to evaluate

In this study, under such a concerned situation, we

thermal stability of thermally activated disordering at the
Fe;Si/Si(111) interface.

The Fe;Si(111)/Si(111) hybrid structure was prepared by
a low temperature MBE and annealed at 373-573 K for 2 h
in vacuum in order to cause thermally activated atomic
disordering. The AXIC was carried out in BL-SC1. The
incident beam of 2.0 MeV “He" and the angle of incidence
of 165 degrees were employed. We computed channeling
parameters (Y mins
Furthermore, we can compute the total atomic displacement

Vi») from channeling dip curves.
<u> from the parameters. One-dimensional rms thermal
vibration amplitude <uy> is computed from Debye theory.
We can obtain the <u> from <u> and <uy,>>>. This static
displacement comes mainly from inperfect crystal growth or
plastic displacement due to lattice mismatch.

Figure 1 shows channeling dip curves for (a) Si and (b)
Fe channels. In the Fe;Si/Si heterointerface, we can
measure independently either Fe or Si channel, so that both
<ug> of Fe and Si atoms can be obtained. The <u> at each
The <ug> and its
temperature dependence of Fe atoms were larger than those

anneal temperature were shown in Fig. 2.
of Si atoms. This result indicates that atomic disordering is
associated to randomness of Fe atoms.

Vacancy migration models® have suggested that in the
DO; lattice nearest neighbor jump of Fe atoms along the
<111> axis is much easier than that of Si atoms. However,
below 573 K we did not observed any diffusion behavior in
the RBS spectra.
caused by difference in thermal expansion between Fe;Si
and Si.
temperature obeys to thermal expansion.

Next we discuss atomic displacement

It is found that the <u> of Fe atoms at each anneal
This result shows
that the <us> of Fe atoms may be dominated by plastic
displacement due to thermal expansion, and that such
thermal expansion at each temperature can be quenched into
room temperature and remains as the <ug>.
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Fig. 2 Static displacements <ug> for Si and Fe atoms at
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In our previous study, the effect of ion irradiation on
mechanical property and lattice structure of Fe - 45 at.% Rh
intermetallic alloy was investigated V. The disordered
Al(fcc) phase, which is intrinsically the high temperature
phase, appeared even at room temperature in Fe - 45 at.%
Rh by the ion irradiation. The ordered L1, structure, which
has been obtained by the high speed deformation?, was also
observed. In this report, the effect of ion irradiation on
mechanical property and lattice structure of Ni;Al was
studied. This alloy shows the L1, ordered lattice structure
at room temperature and keeps it even just below the
melting temperature.

NizAl bulk ingot was thermally annealed at 1,323 K for
48 h. After the annealing, the ingot was cut into the sheets
with the dimension of 10 x 10 x 1 mm’. They were
irradiated with 16 MeV Au’* ions by using the 3 MV tandem
accelerator of TIARA. The ion fluences were 5x 10" /em?
and 5x 10" /em®.  After the ion irradiation, the crystal
structure analysis was carried out by surface X-ray
diffraction(SXRD). The mechanical property change was
also estimated by using Vickers hardness tester.

The SXRD spectra for unirradiated and irradiated
specimens are shown in Fig. 1. In order to estimate the
effect of the irradiation on the lattice structure, we have used
the relative degree of order, which is given by,

I110/1220

Relative Degree of order) =
( g f ) U110/U220

5

110 11200 210 211 220
T T T T
|
5x10' /cm? A
ML\“M PRV |
’;:\
=
> 5x10'3 /em?
=
»
£
=
Ll
Unirradiated
30 40 50 60 70 80
Diffraction angle, 2 8 (deg.)
Fig. 1 SXRD spectra of NizAl specimens before and after

16 MeV Au ion irradiation.

where [, is the hkl peak intensity in irradiated specimen,
Uy 1s the hkl peak intensity in unirradiated specimen. The
ion fluence dependence of the relative degree of order is
shown in Fig. 2. This result indicates that the lattice
structure of Ni;Al changes from the ordered L1, structure to
the disordered Al(fcc) structure by the ion irradiation.

The result of Vickers hardness testing is shown in Fig. 3.
The Vickers hardness decreases with increasing ion fluence.
This hardness change is possibly due to the irradiation
induced lattice structure transformation from the ordered
L1, phase to the disordered Al(fcc) phase. As the Burger’s
vector of the L1, lattice structure is larger than that of the
Al(fcc) lattice structure, the irradiated NizAl is more
deformable than the unirradiated Ni;Al.
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In supersaturated alloys, irradiation produced point
defects such as interstitial atoms and vacancies enhance the
diffusion of some solute elements, concentration of which is
larger than that under the thermal equilibrium condition, and
lead to their segregation'. In our previous studies, we
have found that ion beam irradiation caused a remarkable
change in hardness in Al-Cu-Mg alloys (a typical
duralumin)?. Therefore we are interested in whether this
method is also effective for the hardness modification of
other aluminum alloys. In the present experiment, we
measured hardness of ion-irradiated Al-Mg-Si alloys.

We prepared supersaturated Al-Mg-Si alloys as
specimens. We irradiated the specimens at room temperature
with 5.4 MeV Al ions (AI*"), 7.3 MeV Fe ions (Fe*"),
10 MeV I ions (I*Y) and 16 MeV Au ions (Au’") using a
tandem accelerator at Takasaki
Research Institute, Japan Atomic Energy Agency. The
ion-fluences were from 3 x 10> /em® to 3% 10" /ecm®.  The
beam current was less than 260 particle nA/em® (1.6 X
10" /em?) in order to avoid the beam heating. After the
irradiation, the Vickers hardness was measured at room
temperature.

Figure 1 shows the change in Vickers hardness measured
with the load of 10 gf as a function of ion fluence. For the
irradiations with all kinds of ions, the Vickers hardness
increases with increasing ion fluence at room temperature
and tends to be saturated at higher fluences.

Advanced Radiation
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Fig. 1 Change in Vickers hardness as a function of ion
fluence for 5.4 MeV Al ions, 7.3 MeV Fe ions, 10 MeV
lions and 16 MeV Au ions.

To evaluate the effects of the ion irradiation more
quantitatively, we discuss the change in Vickers hardness in
term of the energy deposited in the specimen by the
irradiation. It is well known that there are two processes of
energy transfer from energetic ions to targets. One is the
energy transfer through the electronic excitation. The other
is the energy deposited through the elastic collisions.
Figure 2 shows the change in Vickers hardness as a function
of the density of energy deposited through the elastic
collisions. The figure clearly shows that in spite of the
irradiation with different ion species and energies, the
change in Vickers hardness is well scaled by the elastically
deposited energy density. This means that the elastically
deposited energy leads to the increase in hardness.

The present result shows that the energetic ion irradiation
can systematically control the hardness of Al-Mg-Si alloys
as well as Al-Cu-Mg alloys.
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energy deposited per unit mass of the specimen (gram)].
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The efficient reflection of both fast singly-charged light
ions and slow highly-charged heavy ions by solid surfaces
has attracted attention. Nebiki et al."” found that about 2%
of the 2-MeV-He" ions exited the outlet of the tapered-glass
capillary without significant energy loss. The binary
collisions with small scattering angle may act an important
role in this phenomenon. On one hand, charging on the
surface is considered vital for the transmission of slow,
highly charged ions through capillaries with inner insulating
walls?. It may be possible to guide fast heavy ions like C,
N, O, and other ions by combination of charging and
small-angle scattering on insulating walls. In our previous
study®, we first investigated the transmission properties of a
4-MeV C'-ion beam entering a gap between a pair of
cylindrical convex and concave glass lenses. It was found
in the study that the transmission of the ion beam was larger
than that of He—Ne laser-beam at tilt angles |f] > 2° by a
factor of 2-100 and further there was no significant energy
loss. In the present study, we have measured transmission
and energy of 4-MeV C* ion beam entering the same
curved insulating channel to investigate charging effect.

A pair of cylindrical glass lenses was used as the walls of
the curved insulating channel®, as shown in Fig. 1. The
setup basically consists of three parts: an aluminum
electrode with an entrance hole, a cylindrical convex
borosilicate-crownglass lens, and a cylindrical concave
borosilicate-crown glass lens. The diameter of the entrance
hole was 1.5 mm. The curvature of both lenses was
15570 mm. The convex and concave lenses face each
other across a gap of 1.2 mm. The entire setup can be
tilted around the axis, which passes through the center of the
The tilt angle 6 was defined to be positive
The depth and height of both
cylindrical lenses were 20 mm. The entire setup was
connected to a manipulator with three linear (x, y, and z)

entrance hole.
for clockwise rotation.

Cylindrical

Observation convex lens Tilt angle
angle g
‘_ IR Gty A
C*" ion beam
SBD .
Alminum Cyiindrical
electrode concave lens
Fig. 1 Schematic illustration of the experimental setup.

motions and one rotational (d) motion. The transmission and
energy of the 4-MeV C*-ion beam as a function of the tilt
angle 6 were measured by a silicon surface barrier detector
(SBD).

Figure 2 shows the transmission probabilities of C* and
C* ion beams as a function of tilt angle (#) observed at the
angle of p=0°. The transmission of C** was slightly higher
than that of C* around |§|=1°. Figure 3 shows the peak
energies of transmitted ions observed at p=0° as a function of
tilt angle. The peak energies of C*" ions are slightly larger
than those of C" over all tilt angles by 3~24 keV. Although
these results strongly suggest that charging on the glass
surfaces acts a main role in the ion transmission, further
expermental efforts are necessary to clarify the details.
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Fig. 2 Transmission probabilities of C* (x) and C** (®)
ion beams at the observation angle of ¢ = 0°.

Fig. 3 Peak energies of transmitted C” (x) and C* (@)
ions at the observation angle of ¢ = 0°.
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In-situ Monitoring of Photo Emission of White

Si—O—C(—H) Ceramics under Irradiation of Proton Beam
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Si—O—C ceramics synthesized by pyrolysis of densely
cross-linked silicone resins or condensates of Si alkoxides
have been investigated mainly in the field of Ceramics
Matrix Composites (CMC), because of their low costs and
high creep resistance at high temperature region. Pyrolysis
in an inert atmosphere, however, yields black ceramics
including many defects. In particular, excess carbon is
considered to be main origin of the black color. Recently,
our group in Osaka Prefecture University succeeded in
synthesizing white Si-O—-C(-H) ceramics, which show PL
under UV light, by using hydrogen for the pyrolysis
atmosphere V. The samples obtained beyond 1000 °C
possess high oxidation resistance, and PL properties are also
maintained after the oxidation?. On the other hand, the
samples obtained around 800 °C have large specific surface
area, and are oxidized easily beyond 400 °C. This means
that properties of the white Si-O—C(—H) ceramics depend on
heat treatment conditions. In this study, the samples
decarbonized at 800 °C (S800) and 1100 °C (S1100) are
exposed to proton beam irradiation and photo emission
under proton beam irradiation is analyzed.

The precursor is silicon resin particles with a diameter of
2 um. Synthesis process of the Si-O—C(—H) ceramics has
been reported in various previous studies.  Obtained
particles, S800 or S1100, were mixed with 5 wt% of PVA,
and water was added to control viscosity. The prepared
slurries were painted and dried on Si substrates. The
proton beam in an energy range of 1-3 eV was irradiated on
the painted layers, and resulting photo emission was
monitored. The beam irradiation was conducted by a 3MV
Single-ended Accelerator in Takasaki lon Accelerators for
Advanced Radiation Application (TIARA) and the “in-situ”
monitoring of photo emission was conducted by Solid
Lambda CCD UV-NIR (Spectra Co-op).

Under vacuum (107 Pa), the S800 layer shows broad
emission peaking at 520 nm, whereas the S1100 layer shows
emission peaking at 540 nm (Fig. 1). As the irradiation
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Fig. 1 Photo emission spectra under 1 MeV proton beam;

(a) S800 in vacuum, (b) S1100 in vacuum.

dose increases up to 1.2 x 10" ecm™ with the dose rate of
6.25 x 10'° cm? s intensity of the emission decreases
logarithmically (Fig. 2). Under fixing the irradiation time
at 1 min, apparent emission intensity is monitored at various
conditions (Table 1). The intensity is high at a large
irradiation current and at a high acceleration voltage.
Emission intensity of the S800 layer is, however, always far
lower than that of S1100.

210t s
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Fig. 2 Decrease of photo emission during 1 MeV proton
beam irradiation; (a) S800 in vacuum, (b) S1100 in

vacuum.
Table 1 Apparent peak intensity (a.u.) of photo emission
from the layer under the beam irradiation.
Sample 1MeV, 10pA | 1MeV,100pA | 3 MeV, 100 pA
(1 mm?) (1 mm?) (0.64 mm?)
S800 588 2220 2866
(515-525 nm) (counts) (counts) (counts)
S1100 2773 11587 24471
(535-545 nm) (counts) (counts) (counts)

On the other hand, the emission from the layer in air was
also monitored. The experiments were done by using thin
carbonate films to separate the samples from a vacuum
chamber. In such oxidation atmosphere, a new sharp
emission peaking at 310 nm appeared besides the main
broad peak. Intensity of this sharp peak was strong in S800
and was weak in S1100. The intensity of the peak,
however, decreased during irradiation, and decreasing rate
seemed to be rapid as compared with the main broad
emission. This sharp peak is possibly assigned to ODC (1),
which is widely known as a major PL center in
defect-introduced silica.”  Under existence of oxygen,
proton beam irradiation may cause partial decomposition of
Si—O—C(—H) ceramics to yield SiO, phase temporally, which
is remarkable in S800 having a high specific surface area.
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The drainage of Yangtze river, China, has been strongly effected by East Asia Summer Monsoon (EASM).
of EASM has changed, also effecting the spatial variation of sediment yields from each part of Yangtze.

The position
To reconstruct the

past spatial variation of EASM as the provenance change of sediment from Yangtze, we tried to use ESR (Electron Spin
Resonance) and CI (Crystallinity Index) of quartz as a proxy to distinguish sediments from each tributary of Yangtze.
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Development of Spin-polarized Positron Beam and

Its Application to Spintronics Study
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Spintronics is promising to go beyond the traditional
electronics. Current-induced spin polarization (CISP) at
surface and interface plays a critical role in spintronics.
The spin Hall effect (SHE) and the Rashba effect are the
representative phenomena producing CISP due to spin-orbit
coupling (SOC). In the last fiscal year, we studied the
CISP on the outermost metal surfaces using a spin-polarized
positron beam ',

Positrons implanted into a sample diffuse back to the
surface and emitted into vacuum as positronium which is the
positron-electron bound state like hydrogen. Two spin
states, singlet (S=0) and triplet (S=1), are possible. These
decay into two and three gamma quanta, respectively. The
annihilation probability shows asymmetry upon flipping the
mutual polarization vector of positrons and electrons.
From this, the electron spin polarization at the outermost
surface can be determined. Since two-gamma annihilation
of positronium overlaps the free positron-electron
annihilation, three-gamma annihilation event is used for
observing the surface electron spin polarization.

Figure 1 shows the three-gamma annihilation probability
of positronium observed for the Au, Cu, Pt, Pd, o, -Ta and
o, B-W surfaces as a function of successive current reversal.
The Au and Cu surfaces show no significant CISP.
In contrast, the Pt, Pd, Ta, and W surfaces exhibit large
CISP and the CISP of Ta and W are opposite to those of Pt
and Pd. The sign of the CISP obeys the same rule in SHE
suggesting that SOC is mainly responsible for the CISP.
Figure 2 shows the spin polarizations of the above surfaces
per input charge current density of j=10° A/cm®.

According to the spin diffusion theory, the energy width
of polarized electrons in the density of states is given by the
shift of chemical potential: Az=26; Asj. p, where Ag is the
spin diffusion length, 6 is the SHE angle and p is the
resistivity.  For Og=10%, A~10 nm, p=50 pQcm and
j=10° A/em?, one finds Az=1 eV. The typical density of
states at the Fermi level (Ey) is 10 cm™eV™', and hence the
excess spin density will be 10" cm™. Assuming that
positrons pick up electrons located from Er to E-1 eV, the
observable electron spin polarization will be 10%%. The
above huge CISP is hardly explained as the diffusive SHE.

The spin density induced by the Rashba effect is given by
<0s,>=4meD,p ET oy /h, where e is the elementary charge,
D,p is the two-dimensional density of states, E is the applied
electric field, 7 is the electron relaxation time and oy is the
Rashba parameter. Assuming az=23 x 10"° eVm, D,p =
10" cm?eV!, =10 ps, E=1 kV/m, one finds the spin
polarization of the order of 5%. Thus, if the relaxation
time is long enough, the above-observed huge CISP can be
explained by the Rashba mechanism rather than the
diffusive SHE. This settles a controversy, that which of

these two mechanisms dominates the large CISP on metal

surfaces.
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Ovserbation of Spatial Distributins of Vacancy Defects in

Si Substrates by Using Scanning Positron Microprobe

M. Maekawa and A. Kawasuso
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Scanning positron microscope (SPM) is a powerful tool
for observing spatial distribution of vacancy defects near the
subsurface region. We have constructed a SPM by using a
specially fabricated small source and a solid neon
moderator).  Using this apparatus, it is expected that the
diffusion process of vacancies in semiconductor materials
can be observed directly. This means that it is also
expected that detailed information for the controlling of
intrinsic defects, which are difficult to observe by
conventional methods, is obtained. The diffusion process
of vacancy defects in silicon has been estimated from its
thermal characteristics”. In this work, we attempted to
observe directly the two-dimensional diffusion process of
vacancy-type defects introduced by partially ion
implantation.

Figure 1 shows the schematics of sample preparation.

Samples used in this work was n-type Si crystals (10 X

Si ion implantation 200 keV

W
2 LR g
2

positron microbeam scan

12'.'_-,,.(_-:.,;-';- -
Detector

annihilation [ray

FZ-Si(n) 1e16cm™

crystal

Fig. 1 Sample preparation and observation of vacancy-
type defects by a scanning positron microbeam.
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Fig. 2 Spatial distributions of S parameter for the (a)
as-implanted sample and (b) annealed sample.
Scan step was set to 50 mm.

10 mm). Silicon ion implantation was carried out to the
half area of the sample by using an aluminum mask with
thickness of 50 pum. Implantation dose was set to 1 X
10" cm™.  After irradiation, sample was annealed at 573 K
for 30 minutes. At the boundary region, a focused positron
beam was scanned to obtain a special distribution of
positron annihilation parameter (S-parameter). Scan area
was 1,200 x 1,000 um and scan step was 50 pm.

Figure 2 shows the obtained spatial distributions. All
the S parameters are normalized to the value of
un-implanted Si. For the as-implanted state, S parameters
at only implanted area were increased. This is due to the
vacancy-type defects created by ion implantation.
S parameter was increased 2%, which is attributed to the
positron trapping at divacancies®. It is reported that such
vacancies starts to disappear at around 600 K?. The
difference was not observed in S parameter distribution of
the sample which was annealed at that temperature.
Figure 3 shows the line profiles of S parameter across the
border. Planer diffusion of S parameter in the edge was
not observed. The defect migration might not happen up to
a temperature that is almost equal to the defect annealing
temperature.
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Solution Using Ion Pulse Radiolysis Method
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Nowadays a heavy ion beam, one of the high linear
energy transfer (LET) radiations, is applied to various fields
because of its specific irradiation effects being different
from those of low LET radiations such as electron beam,
X-rays and y-rays. The specific irradiation effects of the
ions are attributed to dense energy depositions along their
trajectories leading to heterogeneous distributions of the
transient species, so called a “track structure”. Water was
selected as target in this study because it is a main
component of our body and more data exist for radiolysis
A hydroxyl radical (OH), one of

the most important water decomposition species, was

than any other material.

investigated by the ion beam pulse radiolysis system".
Reactions of radicals have been observed by electron pulse
radiolysis. ‘OH has a small molar absorption coefficient
(e:540 M'em” at 200 nm) so that probe agents for
scavenging of ‘OH can be used. NaBr was selected as a
probe reagent since the reactions of ‘OH in NaBr aqueous
solution are well known, and Br,”, reaction intermediate of
"OH with Br, has a large (9,000 M'ecm™ at 375 nm)?.
Ninety mM NaBr aqueous solution saturated with N,O gas
was irradiated with 10-us pulsed beam of 11.4 MeV/u He*',
15.8 MeV/u C*" and 12.8 MeV/u Ne®" ions provided from
AVF cyclotron in TIARA facility. N,O converts hydrated
electron (e, to ‘OH in aqueous samples. Transient
absorbance of NaBr aqueous solution was observed at 375 nm

by the pulse radiolysis technique?.

Dose distribution in the
optical analyzing region was estimated from beam current
value and GAF film dosimeter.
1.75 and 1.1 pA, and after pulsing their dose rate were 13.3,
394 and 139 Gy/pulse for *“He*, C>* and *Ne** ions,
respectively. Track averaged LET values for each ion were
calculated by TRIM code as shown in Table 1.

The absorbance of Br,” increased within ion pulse and

The beam currents were 3.0,

decreased as time. The peak absorbance values were
almost the same at 0.007 in all the ions in spite of different
doses. Chemical yield of Br,™ per absorbed energy were
estimated from the absorbance using the Lambert-Beer law,
absorbance = gc¢f, c:concentration, {:optical path. ¢ was
obtained from ion’s range in the sample solution as shown in
Table 1.

decreased with elapsed time as shown in Fig 1

Chemical yields of Br,”™ by the ion irradiations
The
chemical yields of Br,” decreased with the increase in
atomic mass of the incident ion. Reactive radicals, for
example 'OH and e,, are produced in the track.
Recombination reactions, such as ‘'OH + "OH and ‘OH + e,

occur easier by higher LET, in other words heavier ions,

because of denser radical formations. Thus the yield of
Br,” decreased because the amount of ‘OH scavenged by
The
concentrations of Br, at the pulse end were estimated at 2.4,
3.8 and 8.7 uM for *He?*, '2C* and *’Ne®* ions, respectively.

The concentrations increased as the atomic mass of the ions

Br decreased in the track of heavier ion.

increased even though chemical yields of Br,™ decreased as
mentioned above. The decay rates of the concentrations
increased with the atomic mass of the ions, and are well
fitted to a second-order-reaction kinetics, disproportionation
reaction of Br,”. Diffusion kinetics analysis based on
track structure model in order to understand of chemical

reactions of "OH in the track is in progress.
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Table 1 Track averaged LET and range of each ion.
LET track averaged /€V/nm | Range of ion / mm
He 28.7 1.58
C 205 0.92
Ne 624 0.41
520 T T T T T T T
5 | He 11.4 MeV/u
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Fig. I Time profile of chemical yield of Br,*” in N,O
saturated 90 mM NaBr aqueous solution from the
pulse end, 11.4 MeV/u *He?*, 15.8 MeV/u 2C>* and
12.8 MeV/u °Ne*" ion.
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Solution by Scavenging Experiment
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To disclose ion beam induced track reactions in dodecane, a microsecond time-resolved ion-pulse radiolysis system was

developed at the TIARA facility. Absorbance at 375 nm increased with a biphenyl concentration.
was measured in biphenyl-dodecane solutions with electron or cation scavengers irradiated by 220 MeV C*' ions.

Transient absorption
The

species measured at 375 nm was suppressed by electron scavenger and enhanced by a cation scavenger, but the decay rate did

not change.
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Fig. 1 Absorbance at 375 nm vs biphenyl concentration
in dodecane.

(ZHNL, 375 nmTRIELTZ, B 7 == )L-RT W RRD
375 nmOWESEEE T BT ==L EEHIN IRV EE R LT
(Fig. 1), ZOTENDITS i THIIENDDIFE 7 ==L
ICBBELIEHERE B X DD, I, BT == LR T
IR FIZL MY 7aaAZ o E7213TEA, fafn O R 51
MWLUTZEE OB PER I EFig. 2127 LT, 375 nm T,
PIVANES0 pusDEA T~ 717V A KOG EE ASEEN
L. 7SV AZ U REAR ORI E DR ENBR S 7, &

0.006

1M TEA-0.1M Bp-dodecane
0.005
0.1M Bp-dodecane
’E‘ 0.004
<
R
o 0003 1M CH,Cl,-0.1M Bp-dodecane
8
c
& 0.002
2
5 0,-0.1M Bp-dodecane
2 0001
0 NN
dodecane
-0.001
-100 0 100 200 300 400 500
Time/us
Fig. 2 Transient absorption of 0.1 M biphenyl (Bp)

dodecane solution with electron scavenger, cation

scavenger or oxygen at 375 nm.
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Excitation density, or linear energy transfer (LET),
caused by
scintillation properties because the interaction among

impinged ionizing radiation influences
excited states cannot be ignored in the case of high
excitation density. This is particularly true in the case of
high-energy ions or alpha particles. LET effects appear in
neutron detection events in which a (n, a) reaction occurs.
In this case, detection events for neutrons and gamma-ray
photons may be discriminated based on the difference in
scintillation properties between gamma-ray photons and
Thus,

analysis of scintillation properties dependent on LET is

alpha particles produced by the (n,o) reaction.

essential in understanding the responses of conventional
scintillators for high-LET particles and acquiring knowledge
about the basic scintillation processes in the case of high
LET.
a Li-glass scintillator, GS20, using pulsed ion beams with
varying LET values.

In this study, we analyzed scintillation properties of

Scintillation time profiles were collected using pulsed ion
beams in the AVF cyclotron at the TIARA facility, JAEA,
Japan. Scintillation was detected using a photomultiplier
tube (PMT, Hamamatsu, R7400), and detection signals were
recorded using a digital oscilloscope. Time profiles were
The time
resolution of the measurement system was several ns.
A sample was irradiated with pulsed beams of 20 MeV H',
50 MeV He™, and 220 MeV C™".

LET was higher for beams with heavier ions.

obtained by averaging 1,000 detection signals.

In this measurement,

The inset
shows the scintillation spectrum with irradiation of 50 MeV
He?". This scintillation spectrum is consistent with that
obtained with X-ray irradiation, which indicates that
scintillation in both irradiation cases originates from the

Figure 1 shows scintillation time profiles.

same excited state: the excited state at Ce’" centers.
In contrast to the spectra, the time profiles are significantly
different for different LET values.
profiles was more gradual for the pulsed beam of 20 MeV
H", which had the lowest LET among the investigated ions.
The rise reflects the process of energy transfer from the host

The rise in the time

glass matrix to emitting Ce®" centers. In general, light
yield is lower for higher LET. The o/ ratio (the ratio of
light yield for alpha particles and beta particles) of light
yield in GS20 is far lower than unity; thus, the difference in
time profiles among different LET values is ascribed to

quenching of excited states with high LET. The fast rise in
the time profiles for higher LET ions, therefore, indicates
that quenching occurs in competition with the energy
transfer process. Figure 2 shows the scintillation time
profiles at long time scale. Decay behaviour was quite
Thus, the LET

effects in GS20 originate from quenching owing to the

similar for irradiations of different ions.

interaction among excited states in the glass matrix, and
quenching occurs on the time scale of several ns.
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Fig. 1 Scintillation time profiles of GS20 under

irradiations of different ions. Inset: Scintillation
spectrum of GS20 under 50 MeV He?" irradiation.
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Fig. 2 Scintillation time profiles of GS20 under

irradiations of different ions at long time scale.
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LET and Dose Rate Effect on Radiation Induced

Copolymerization in Physical Gel
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N,-saturated 2-propanol solutions containing styrene and maleimide gelated by the addition of hydroxypropylcellulose

and irradiated by proton, He and C-ion beams.

The trend in the dose rate and LET effects on the yield and molecular weight
distribution of the polymer produced in the gel was almost the same in the solution.
between lower and higher dose rate in the gel were higher than those in the solution.

On the contrary, the relative values
This effect was enhanced for

irradiations by proton as well as heavier ion with a higher LET value.
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Fig. 1 Dose dependence of the absorbance at 700 nm of

the polymer obtained by irradiation of He-107 MeV.

Table 1 The yield of polymer by 1 kGy irradiation of ion beams and the number average molecular weight (M,).
irradiation LET polymer yield M,
source eV/nm solution (mg/mL/kGy)* gel(absorbance/depth/kGy)

H-20 MeV(20 nA) 22-13 3.7 0.11 25,500

H-20 MeV (2 nA) 2.2-13 13.0 3.5)° 0.94 (8.5) 40,500 (1.59)°
He-107 MeV (20 nA)  7.1-60 22 0.06 32,100
He-107 MeV (2nA)  7.1-60 9.1 (4.1 0.31 (5.1)° 43,000 (1.34)°
He-50 MeV (20 nA) 13-100 1.1 0.05 25,340

He-50 MeV (2 nA) 13-100 4.4 (4.0)° 0.33 (7.0)° 43,000 (1.70)°
C-320 MeV (20 nA) 75-600 0.7 0.015 24,650

C-320 MeV (2 nA) 75-600 3.7 (5.3)° 0.14 (9.5)° 45300 (1.84)°

a) Data from reference 1,
b) The ratio of the dose rate effect on each irradiation source.
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TIARA for Calibration of a Neutron Detector
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Precise measurements for high-energy neutrons are
important in studies on neutron dose estimation around large
accelerator facilities such as J-PARC, nuclear data, exposure
in aircrafts and neutron induced soft error rate in
semiconductor devices. Research has proceeded to use
high energy quasi-monoenergetic neutron fields at peak
neutron energies of 45 MeV and 60 MeV at the AVF
cyclotron in TIARA facility as neutron standards in order to

calibrate high energy neutron detectors .

It is important
to determine the neutron energy distributions and neutron
fluence for the calibration. It is also necessary to
investigate reliability of a neutron monitor to determine the
neutron fluence at a place of calibration instrument.

Neutron energy distributions were measured with a liquid
scintillation detector (BC501A, 7.62 cm diameter X 7.62 cm
thickness) and a °Li-glass scintillation detector (GS20,
50 mm diameter X 5 mm thickness) by means of the
time-of-flight (TOF) method. The liquid scintillator and
the ®Li-glass scintillator were placed 6.5 m away from the
target. The detection efficiency of the liquid scintillator
was determined by calculation with the SCINFUL-QMD
code ¥ as well as by calibration with mono-energetic
neutrons at AIST. The detection efficiency of the *Li-glass
scintillator ~was obtained from calibration using
AIST. In the TOF
measurements, the neutron energy from 20 keV to a full
energy peak was observed by using s- and p- chopper

systems developed by Kurashima et al®.

mono-energetic neutrons  at

Neutron fluence was determined using a proton recoil
telescope composed of a silicon surface barrier detector
(sensitive area of 28.3 cm?, depletion depth of 500 pm) and
the liquid scintillation detector that was used in the TOF
measurements. Figure 1 shows a two-dimensional plot of
proton energy loss measured with the Si detector and proton
energy measured with the liquid scintillation detector for
45 MeV neutrons. The detection efficiency was
determined using the Monte-Carlo code MCNPX”. A high
density polyethylene disc with a 100-mm diameter and a
2-mm thickness was used as an n-p converter. A graphite
disc with a 100-mm diameter and a 1-mm thickness was
used to subtract contributions due to nuclear reactions with
graphite in the polyethylene disc. Measurements without
the polyethylene disc and the graphite disc were performed
to obtain background.

A thin plastic scintillation detector (BC400) with a

0.5 mm thickness developed by Y. Shikaze® was used as a

neutron fluence monitor. In the present experiments,
measurements with the liquid scintillation detector were
performed for neutron beams with and without the chopper.
Ratios of count rate from the monitor and count rate from
the liquid scintillation detector for the measurements are in
agreement within 1 % as shown in Fig. 2.

Uncertainty for calibration will be determined and the
reliability of the results obtained from the TOF and neutron
fluence measurements will be confirmed by measurements

in the partial different conditions in future.
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Fig. 1 Two-dimensional plot of proton energy loss

measured with the Si detector and proton energy
measured with the liquid scintillation detector for
45 MeV neutrons.
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Fig. 2 Ratios of count rate from the monitor and count rate
from the liquid scintillation detector for the
measurements with and without the chopper.
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The biological effects of ion beams have attracted

attention, particularly in particle therapies and space activity.

Deposit energy distribution in a microscopic site is basic
information for evaluating the biological effects of energetic
ion beams. In microdosimetry, lineal energy () is defined
and used in the index of energy deposition in micrometer
scale. Lineal energy can express each energy deposition in
a microdosimetric scale by a single event of both incident
primary heavy ions and secondary particles.

Microdosimetric deposit energy spectra have been
measured for various energetic heavy ion beams using a
wall-less tissue equivalent proportional counter (wall-less
TEPC) and used for the verification of the Monte Carlo
simulation codes with microdosimetric function for
calculating y distributions, such as the PHITS code. In the
previous studies, the measured deposit energy spectra
include the contribution of both incident heavy ion beams
and secondarily produced electrons (delta rays), since
uniformly spread beams were used to simulate a uniform
irradiation to cells. In this study, to investigate the radial
dependence of y distributions, y distributions are measured
in radial direction using the wall-less TEPC .

Figure 1 shows the schematic view of the experiment in
the HB1 course. The wall-less TEPC and the beam
monitors are irradiated with the 30 MeV proton beam
through a collimator with 1 mm in diameter. The beam
width at the center of the wall-less TEPC is estimated to be
2~3 mm in diameter. The wall-less TEPC has a transparent
detection part composed of thin wires, the size of which is 3
mm in diameter and 3mm high. The gas pressure inside
the wall-less TEPC is kept at 50, 100 and 200 Torr so as to
simulate a site in tissue measuring 0.36, 0.72 and 1.44 um,
respectively. The centers of the detection part in the
wall-less TEPC and the beam monitor are set in a straight
line on the trajectory of the incident ion beam (z = 0.0).
The vertical positions of the wall-less TEPC are changed to
measure the y distributions apart from the incident ion beam.
The adjustment of height is performed using a lab jack with
precision of 1 mm in the range of z up to 35 mm.

In Fig. 1, beam monitor 1 is a bundle of plastic
scintillation fiber arrays (PSF) to detect the positions of the
trajectory of each proton beam passing the sensitive region
of the wall-less TEPC. Beam monitor 2 is a plastic
scintillation detector to obtain total incident ions on the

Wall-less Beam
TEPC monitor2
30MeV
Beam
~600 mm monitorl

Fig. 1 Schematic view of the experimental setup.

wall-less TEPC, since protons cannot be detected by beam
monitor 1 when beam passes through the gaps between
arranged PSFs.

Measured radial doses are shown in Fig. 2, along with the
calculation by RITRACKS?®. The measured radial doses
agree with the calculated doses fairly well, though those
over approximately 3 um are larger than the calculated one.
The result shows the experimental method is reasonable.

Figure 3 shows the y distributions measured at z = 0.0,
1.2 and 8.2 um [yf(y)], shown in microdosimetric scale unit.
In the distribution at z = 0.0 um, on the beam path, the peak
of the primary protons is clearly seen in the range of y from
1 to 2 keV/um. The counts obtained away from the beam
path are much smaller than that at 0.0 pm and decrease with
increasing the radial distance.  Radially integrated y
distribution will be obtained using the y distributions
obtained at several radial distances and be compared with
the calculated y distribution using the PHITS code which
includes the energy deposition of delta rays in
microscopic-scale region.
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We report on the application of a UV/EB curable resin, in
proton beam writing (PBW) for the production of
micro-structured fluorescent plates . PBW is a unique
technique wused for the fabrication of micro- and
nano-structures with high aspect ratios from polymeric and
inorganic materials”. On the other hand, UV/EB curable
resin is a photo-curable polymer that rapidly cures in three
dimensions by radical polymerization that occurs with
ultraviolet (UV) light or electron beam (EB) irradiation.
This resin has been widely used for various industrial
applications, such as printings, paintings, material coatings
and so on®. The resin is a liquid at room temperature;
therefore, it mixes easily with functional materials, such as
phosphor grains. The fabrication process is similar to
lithography.

The base materials used in this work are UV/EB curable
resin and phosphor grains. The utilized resin is Bis-A
ethylene  oxide modified acrylate (ARAKAWA
CHEMICAL INDUSTRIES, LTD.)®. The resin is a pale
yellow, transparent, and viscous liquid. The phosphor
grains are sifted silver-activated zinc sulfide (ZnS(Ag)).
The mean particle size is approximately 7 um. A negative
honeycomb pattern exposures are performed using 2 MeV or
3 MeV proton beams approximately 1 pm in diameter.
The pixel resolution of the beam scanning is approximately
0.7 um. The beam fluence is of the order of 100 pC/mm>
with a beam current of 1~2 pA. The irradiated areas are
quickly cured by polymerization. Then the samples are
developed and treated with a chemical etching.

The fabricated fluorescent plates were observed using an
optical microscope. The samples were illuminated using
both visible and UV lights. The micrograph of a negative
honeycomb structure is shown in Fig. 1. In addition,
several samples were observed using the scanning electron
microscope (SEM). These samples were tilted at
45 degrees and the height of each micro-pillar was measured
to be 107 pm. The visible microscopic images show that
the patterns of the fabricated structures agree well with the
original ones.

In conclusion, we have demonstrated the fabrication of
the micro-structured fluorescent plates, successfully. The
UV-illuminated microscopic images revealed that each
micro-pillar works well as a microcolumnar fluorescent
material. The fabricated fluorescent plates are expected to
be high efficiency imaging devices with good spatial
resolution and they are promising as detectors for single ion

hitting experiments¥. The results also proved that the
UV/EB curable resin is very promising material for use in
PBW micromachining.

<

Fig. 1 Micrograph of the fabricated negative honeycomb-
structured fluorescent plate.
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Ultra-high-energy neutrinos (UHEv’s) would be
produced at collisions of UHE-cosmic ray against the
cosmic-microwave-radiation background in the universe.
A gigantic detector is needed for the detection due to the
expected ultra-low flux of about 1 km?ed'. When an
UHEYy interacts with rock salt or ice as a detection medium,
a shower is generated which is composed of hadronic and
The energy of the
UHEv converts to thermal energy through ionization
processes. Consequently, the temperature rises along the
shower produced by the UHEv. The refractive index rises
as a function of the temperature. The irregularity of the
refractive index in the medium for radio waves causes
reflection.

electromagnetic avalanche processes.

We have found a radio-wave-reflection effect in
Details of the experimental equipment with
readout electronics and results were described in a list of
references V.

rock salt.

Increases of the reflection fraction and the
Therefore the
reflection mechanism was conjectured that the temperature
This
reflection effect combined with long attenuation length of

temperature with time were similar in shape.
rise would give rise to radio-wave reflection.

radio waves in rock salt and ice would yield a new method
to detect UHEV’s.

We report on an experiment and a simulation to study
reflection mechanism of 435 MHz radio wave. Ice was
filled in a coaxial tube of 20 mm in diameter and 100 mm in
length. An open end of the tube where the electric field of
radio wave were the maximum, was exposed by an electron
beam of 4.2 J/s for 60 s at the 2-MV Cockcroft-Walton
accelerator facility in the Takasaki Advanced Radiation
Research Institute. During the exposure, the tube was put
in a dry-ice box and its temperatures were measured using
chromel-alumel thermocouples at six points (z, r); z=2, 7
and 12 mm from the open end along the axis and r=6 and
9 mm radially from the axis.

The reflection effect from ice was
“Experiment” shown in Fig. 1. The energy deposit in ice
was simulated by Geant4 (CERN) using Monte Carlo
method. The thermal energy distribution was fed into
Multiphysics (COMSOL AB Co Ltd.) which utilizes
3-dimensional method. The
transport and the radio wave reflection inside the coaxial

observed as

finite-element thermal
tube were simulated against the time from start of the
electron beam to 120 s using a coupled analysis method.
During the irradiation, the temperature of the ice increased
from -67 to -56 °C at the position of z=2 and r=9 mm.
The largest discrepancy between the measured temperatures

But
shapes of the simulation with respect the irradiation time

of the 6 points and those of the simulation was 50 %.
were similar to those of the experiment. The differences
are estimated due to imperfect agreement of the thermal
conductivity, thermal contact between different materials,
etc. between the experiment and the simulation.
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Fig. 1 The power reflection fraction measured by a real
time spectrum analyzer is plotted as “Experiment” and
increased from 0 to 8.9 x 107. “Experiment-A0” and
“Simulation” were deduced from a vector rotation:
2(1-cosAB) where AB’s were a measured phase shift and
that of the simulation, respectively.

“Experiment-A0” and “Simulation” are 2.4 and 4.6 times
larger than “Experiment” as shown in Fig. 1. The source
of the larger “Experiment-A8” compared to “Experiment” is
conjectured that the measured phase shift A@ was disturbed
by a signal in the readout electronics. Cause of the larger
“Simulation” than “Experiment” is estimated that the
reflection fraction increases square of the temperature, and
the difference is exaggerated. Although the discrepancies
exist in the absolute values, the shapes of the temperatures
and the reflection fractions with time are similar between the
Therefore we regard that
the reflection mechanism is verified to be the local rise of

experiment and the simulation.

the refraction index caused by the temperature rise.

The radar reflection effect is applicable to not only for
radiation detection but also for all dielectric media, e.g. solid,
liquid, gas and plasma with inhomogeneous refractive
indices. Among them, an imaging of a human body is
intriguing.
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Ionoluminescence Spectroscopy with a Proton Microbeam
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Introduction

An analysis system of Ion Luminescence (IL) using
external proton microbeam was developed on the same
beam line of in-air micro-PIXE analysis system to analyze
the chemical composition of micrometer-sized targets. IL
images of micrometer-sized particulate aerosol targets were
successfully obtained from IL measurement. However, the
experimental results suggested that the detection efficiency
of IL for high-sensitivity spectroscopy and microscopic
needed to be

high-efficiency optics".

imaging improved by introducing
In this study, an improvement of
micro-optics for external microbeam driven IL analysis was
reported. The confocal micro-optics was newly designed
for the IL spectroscopy and the microscopic imaging

simultaneously obtained with that of in-air micro-PIXE.

Materials and Methods

Figure 1 shows a schematic drawing of the newly
developed IL confocal optics setup on the external micro
PIXE analysis system. Biconvex lens assembly with
effective wavelengths ranging from the UV to the near IR
regions was placed inside the vacuum chamber at an angle
of 40° to the microbeam axis at a distance of 110 mm from
the irradiation target point. An 800-pm-diameter optical
fiber was installed at the opposite focal point of the same

2)

biconvex lens”. ILs collected by the confocal optics were

transmitted to a photon counting unit or UV-Vis

spectrometer (Spectra Co-op, Solid Lambda).

Results and discussion

Figure 2 shows a comparison of the IL spectra obtained
from a microscopic target through conventional and newly
designed confocal optics. The result suggests that the
detection efficiency of IL was much improved as it
recognized as the intensity of IL peaks in the spectra.
Simultaneous PIXE and IL imaging of microscopic targets

were also accomplished as shown in Fig. 3.

Conclusion

Confocal micro-optics were developed and successfully
installed on an ion microbeam line for precise IL
spectroscopy and microscopic imaging. Our IL system
was more sensitive than conventional IL analysis, as the
results demonstrated the advantages of the continuous
observation of the IL spectroscopy and microscopic imaging

of targets.

References
1) W.Kada et al., Nucl. Instrum. Meth. B 306 (2013) 299-301.
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Element Analysis by Fiber-coupled Laser-induced

Breakdown Spectroscopy under y-ray Irradiation

H. Ohba, M. Saeki and A. Iwanade

Laser Application Technology Division, QuBS, JAEA

Focusing of powerful laser pulses onto a material

generates ablation plasma that is composed of excited atoms.

Analysis of emission from the excited atoms gives us
information on the elemental compositions of the ablated
material. This technique is called laser induced breakdown
spectroscopy (LIBS), and is attractive as elemental analysis
method because real-time, in-situ and remote observation is
possible without any sample preparation. These advantages
are available in elemental analysis involving a
high-radiation field, such as the post-accident environment
inside the TEPCO Fukushima Daiichi nuclear power plant
(F1- NPP), which was seriously damaged by the tsunami on
11 March 2011. In the present work, the performance of
our fiber-coupled LIBS apparatus under high radiation dose
has been investigated to demonstrate the applicability for
monitoring the debris materials inside of the F1- NPP.

The influence of the radiation dose on the optical
transmittance of the laser delivery fiber was investigated
using the ®*Co gamma irradiation facility number-1. The
optical fiber was a commercially available product:
Fiberguide industries Inc., Type Low-OH (FG 15 m),
Mitsubishi Cable Industries, Ltd., Low-OH (ST, 20 m) and
High-OH (STU, 20 m). The *Co gamma-ray irradiation
was performed at room temperature at a dose rate of
15 kGy/h.  The radiological dosage in air of the FI-NPP is
reported to be ~73 Gy/h in Unit 2" and is speculated to
increase near the nuclear fuel debris. Thus, the dose rate in
this work was sufficient to verify the radiation resistivity of
the fiber for the inspection in the F1-NPP. Figure 1 shows
the spectra of the white light through the optical fiber before
(black lines) and during (blue lines) the *Co gamma-ray
dose. The upper figures indicate the spectra in the visible
wavelength region and the lower ones are those in the near
infrared wavelength region.
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Fig. 1 Spectra of the white light through the optical fiber
both before (black lines) and during (blue lines) the

89Co gamma-ray dose.

region of 400-730 nm drastically decreased after the
radiation dose. However, we confirmed that there was a
little damage in the near infrared region. Especially, STU
has no radiation damage in the region of 800-1,150 nm.
A small amount of recovery on the optical transmittance was
observed for Low-OH type fibers after the irradiation was
stopped, as shown in red lines of Fig. 1, whereas the
High-OH type fiber (STU) has not recovered without any
thermal treatments.

Figure 2 shows the LIBS emission spectra from the
simulated debris, which was prepared with a weight ratio of
Ce:Zr:Fe being 1:1:1, by using fiber-coupled LIBS
apparatus that was developed in our group?. Cerium was
used as a surrogate of uranium. The spectrum was
measured in the region of 830-840 nm, where the emission
lines was not strongly affected by the radiation dose, as
shown in Fig. 1. The spectral assignment was based on the
NIST database ®. The blue line indicates the spectra
obtained through the FG fiber (5 m) under non-radiation
field, while the red line shows the spectra through the FG
fiber (15 m) under a radiation dose rate of 15 kGy/h.
Comparison of the blue and red spectra suggests that our
fiber-coupled LIBS apparatus works well even under high
radiation field, although the emission intensity under
radiation field was 1/10 compared to that under no-radiation
field. In addition, the calibration curves for Zr/Ce, Fe/Ce
during the irradiation agreed with those of the
non-irradiation field except in higher weight ratio (not
shown). These results guarantee that our fiber-coupled
LIBS system is applicable for the analysis of the debris
materials in the F1-NPP.
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Introduction

High purity Chemical Vapor Deposition (CVD)
diamonds have excellent electrical properties and detectors
such CVD diamonds have been already
demonstrated for the measurement of high-energy particles
or X-ray photons. Although CVD diamonds have been
employed for spectroscopic uses of highly energetic
particles,

based on

there are only a few experimental results
evaluating the reliability/stability of their characteristics

under various irradiation conditions 2.

In a previous
study?, it was reported that the temporal signal degradation
during the irradiation, so called polarization effect occurred
In this

study, we investigate the effects of irradiation conditions

during intense heavy-ion microbeam irradiations.

(fluence rate and bias voltage) on the characteristics of CVD
diamond detectors.
Materials and Methods

A 50-pm-thick Single Crystal (SC)-CVD diamond was
employed for the irradiation experiment of 15 MeV oxygen
(0), 15 MeV nickel (Ni), and 8 MeV carbon (C) focused
The SC-CVD diamond detector
was fixed on the movable stage to control the irradiation

heavy ion microbeams.

An electrode on the diamond film directed to the
The bias
voltage of £50 V was applied through a charge sensitive
amplifier (CSA), whereas the other side of the SC-CVD
diamond detector was grounded. The output of the CSA
was transmitted to a chain of gate and trigger electrical

position.
beam entrance was used as signal electrode.

circuits to consecutively obtain the Ion Beam Induced
Charge (IBIC) signals.
Results and Discussion

Figure 1 shows the IBIC spectra obtained at 8§ MeV C ion
irradiation with different fluence rate. The biases of
(upper) +50 V and (lower) -50 V were applied to the
samples during the measurement. In the case of the
negative bias, the sharp single peak is observed and no
significant difference in peak position among fluence rates is
obtained. On the contrary, broad peaks are obtained for
samples applied with positive biases and the peak position
depends on fluence rate. Thus, peak position changes
during measurements (irradiation), and as a result, the
degradation of IBIC characteristics is observed (polarization
effect).
were used.

Similar results were observed when other ions

Since the polarization effect disappeared by changing

bias polarity, there might be an effect caused by defects
which is caused by trapping holes or electrons during their
travel in the diamond. Also, we can say that the
polarization effect depends on the amounts of charge
generated in diamond because the decrease of the IBIC peak
So far, the detailed
mechanism of the polarization effects has not yet been
revealed. However, the IBIC peak degradation observed in
the SC-CVD diamond can be interpreted in terms of defects
that have longer de-trapping time for holes since higher
fluence rate induces larger effect.
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increases with increasing fluence rate.
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Experiments under the condition of spatial orientation of
molecular ions are very important to improve the
understanding of molecular physics, such as a chemical
reaction with a molecular ion. Friedrich and Herschbach
have realized the alignment control of a diatomic molecule
with a strong electric field.” In contrast, spatial orientation
of molecular ions has not been reported yet. In the past
research, Susuki et al observed angular and energy
distributions of molecular fragments after the scattering of
MeV HeH' ions from a SnTe crystal surface at a grazing
angle of incidence of several mrad”. The angular
distributions of H" from dissociated HeH" are narrower than
that derived from Coulomb explosions in free space,
whereas the energy distributions are almost equal to that
derived from Coulomb explosions in free space. They
concluded that the results were explained by alignment of
the vector connecting the dissociated fragments under an
influence of a surface planar potential after the Coulomb
explosion. These results can be interpreted differently. It
states that the axial direction of the molecular ion which
moves along the surface are aligned parallel to the surface
plane and the reflecting plane before the Coulomb explosion.
In this case, it is supposed that this alinement is caused by a
surface wake induced by the molecular ion. It is difficult,
however, to produce oriented molecular ions by colliding
molecular ions to a surface because little molecular ions
survive at small angle scattering from a surface.

The dissociation of a molecular ion at a surface can be
avoided by making the target a capillary instead of a surface.
A dissociation probability of a molecular ion moving near a
surface decreases exponentially with the distance from a
surface. On the other hand, the surface-wake potential
decreases with the power of the distance from the surface”.
A molecular ion passing through a straight capillary of
submicron in diameter can undergo the surface-wake
potential without dissociation at the inner-wall surface of the
capillary.
of the molecular ion which passes through the capillary are
aligned. The surface wake decreases a kinetic energy of
the moving molecular ion because the slope of the
surface-wake potential at the molecular ion is a negative to
the travel direction of the molecular ion. In our present
study, we have measured the energy of C," ions transmitted
through a nanoporous kapton film with a number of
capillaries in order to confirm whether the C," ions undergo
the surface wake of the inner wall of a capillary in the
nanoporous kapton film.

A nanoporous kapton film was prepared by an ion-track
technique, which involved 490-MeV Os ion irradiation and

It is, therefore, expected that the axial direction

subsequent alkaline etching. The diameters of the holes on
the entrance and exit sides were 210+60 and 50+10 nm,
respectivery. The thickness of the kapton film was 7.5 pm.
The 6-MeV C," ions produced by the 3-MV tandem
accelerator were injected into the nanoporous kapton film,
which was mounted on a goniometer. The energies of the
ions were measured with a silicon surface barrier detector
(SSD) with an acceptance angle of 9.2 mrad. The incident
angle of the moleclar ion beam to the kapton film was
adjusted so that the current of the beam transmitted through
the film would be maximized.

Figure 1 shows the energy distributions of the primary C,"
ions and the transmitted ions. Note that the energy
distribution of the transmitted ions can contain both intact C,
ions/neutrals and two dissociated C ions/neutrals entering into
the SSD simultaneously. The energy at the peak of the
Gaussian fitting for the transmmitted ions is 21 keV lower
than that for the primary C," ions. This result suggests that
the transmitted ions are scattered at the inner wall of the
capillary. It is not determined, however, whether the kinetic
energy of the C," ions are lost since the trancmitted ions
contain two compornents. In future experiments, the
component of the transmitted ions will be clarified and the
direction of the moleclar axis of transmitted C," ions will be
observed in the case that C,” ions exist in the transmitted ions.
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Alanine Dosimeters and Monte Carlo Simulation
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Chemical dosimeters such as polymethylmethacrylate
(PMMA) dosimeter,
triacetate (CTA) film dosimeter, are commonly used for
These
dose but give no

alanine dosimeter and cellulose
radiation monitoring in the irradiation process.

dosimeters measure the integral
information on the dose rate variation during the irradiation.
It is important to have knowledge of the dose received at
each point in the irradiation field. Such information is
invaluable when planning a board radiation source
arrangement, configuring the radiation source and designing
irradiation facility. It also enables the facility operator to
optimize the scheduling of irradiation of products with
different densities or dose requirements. We have been
engaged in the development of simulation technique on dose
rate evaluation in a °Co gamma-ray irradiation field, using
Monte Carlo simulation code EGS4-SPG".

technique is routinely used to calculate the instantaneous

The simulation

dose rates in gamma irradiation field. This study aims to
examine the effectiveness of the simulation technique by
means of the direct comparison to different methods to
measure the dose rates in a “°Co gamma-ray irradiation field.

The gamma-ray irradiation in this study was conducted
using a ®Co board source (8.89 PBq), which was fixed at a
position used for irradiation. = The some points on
irradiation table in the irradiation room were selected for
measurement. Plane view of the irradiation room used in
this study is shown in Fig. 1. An ionization chamber
(2 mm thick aluminum wall, 20 mm in diameter, 3 mm gap)
was used as a reference dosimeter to measure dose rate?.
It was calibrated in terms of current per unit dose rate at
National Institute of Advanced Industrial Science and
Technology (AIST),

laboratory. The JAEA-alanine dosimeters were also used,

the Japanese primary standard
which were 3 mm in diameter and 30 mm in length, and
were enclosed in a cylindrical polystyrene holder”. At first,
the measurement by the ionization chamber was conducted,
then the irradiation of alanine dosimeters was done,
replacing the ionization chamber with alanine dosimeters.
The irradiation time for the alanine dosimeters was 1 hour to
estimate dose rate [Gy/h]. The dose rate under the same
irradiation geometry was calculated, using EGS4-SPG code.
To simplify input of the code, the board radiation source
which has uniform radioactive intensity was modeled.

The results of the simulation and two ways of real
measurement are shown in Table 1. They are generally in
good agreements within 0.3%, at positions of X=30 and X=
170 cm from ®Co source. On the other hand, there are
difference as large as 5~14% between the simulation and

experimental results at the positions closer to the source.
The input of the simulation code does not include
specification of individual pencil source, which has an effect
of the scattering in radioactive intensity of each pencil
source on simulation results in region closer to the source.

These results imply that the dose rate distribution can be
estimated at high accuracy within 0.3% using the simulation
technique, at distances of 30 cm or more from the radiation
source. This enables us to save the number of the
dosimeters and measurement time for the evaluation of dose
rate after the radiation source arrangement.
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Table 1 Calculated and measured dose rates [Gy/h] at
each position of a - e in Fig. 1.

Measurement | Simulation | Ionization Alanine
position [ecm] | (Calculation) | chamber

a) X=10, Y=0 1.52E+04 1.34E+04 1.37E+04
b) X=20, Y=0 1.04E+04 9.84E+03 | 9.93E+03
¢) X=20, Y=20 1.02E+04 9.94E+03 1.01E+04
d) X=30, Y=40 7.22E+03 7.23E+03 7.24E+03
e) X=170, Y=40 8.22E+02 8.23E+02 | 8.23E+02
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Improvement of the Focusing Microbeam System at

TIARA Cyclotron
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H. Kashiwagi and K. Yoshida

Department of Advanced Radiation Technology, TARRI, JAEA

The fast single-ion hit system on the HX course of the
TIARA cyclotron” was continuously improved for higher
quality of microbeam and single-ion hit. A technique of
real-time detection of single-ion-hit position was realized
and a microbeam of 320 MeV '’C*" is being developed
using this technique*?.

A beam size of the microbeam must be precisely
estimated before irradiation of target samples. The size is
obtained by analyzing a secondary electron (SE) image of a
copper grid with 1,000 lines/in. irradiated with scanned
microbeam. The beam size is defined as a full width at
half maximum value of a one-dimensional fitting curve to
the contrast near the edge of the copper grid for horizontal
and vertical direction, respectively. This technique
requires high signal-to-noise ratio (S/N) of the SE image for
precise estimation of the bean size. In order to improve the
S/N, a beam intensity of the microbeam and/or an efficiency
of the SE collection have to be increased. However it is
difficult to drastically increase the beam intensity since the
performance of an ion source and the transmission
efficiency from the source to the upstream point of the
microbeam system will not be improved further, i.e. the ion
source and cyclotron system are already tuned well. We
therefore tried to improve the efficiency of the SE collection
using a plastic scintillator. The surface of the scintillator is
coated by a metallic thin film to apply high voltage of 5 kV
for the SE collection. The metallic thin film was changed
from Al of 500 nm in thickness to Au of about 20 nm so that
more electrons reach the surface of the scintillator through
the metallic thin film layer than before. Secondary, a
distance between the copper grid and the scintillator was
reduced from 15 mm to 6 mm to capture more SEs before
dispersion.

Figure 1 shows SE images of the copper grid obtained by
using a microbeam of 260 MeV *’Ne’* before and after
modification of the SE collection -efficiency.
intensities upstream of the microbeam system were about
500 enA for both cases. The S/N of the SE image was
obviously improved as shown in Fig. 1. Although the
beam sizes were estimated to be about 3 um for both cases
shown in Fig. 1, higher reliability of the estimation is
guaranteed for the case with better S/N of the image.
It was so hard and took time to form the microbeam by
tuning lens parameters of the microbeam system in the case
of bad S/N of the image; tuning time of the microbeam was
reduced as a result of improvement of the S/N of the SE
image.

Beam
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Fig. 1

Comparison of the SE images of a copper grid
irradiated with scanned 260 MeV *°Ne’* microbeam:
(a) before and (b) after improvement of the efficiency
of the SE collection.
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Formation of Large-area Uniform Heavy-ion Beams
by Means of Multipole-magnet Nonlinear Focusing
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Department of Advanced Radiation Technology, TARRI, JAEA

A large-area uniform-beam formation/irradiation system
based on nonlinear focusing of multipole magnets is being
developed continuously at the TIARA cyclotron for
ion-beam applications in the field of materials science. It
is required to efficiently adjust a uniform beam profile on a
target to irradiation conditions. We, therefore, developed
the adjustment method of the uniform beam using a
real-time beam tuning system') toward the establishment of
the uniform-beam irradiation technique.

There are 25 quadrupole magnets along the high-energy
beam transport line from the cyclotron down to the LB
According to the design of the beam optics and the
tracking simulation result, the procedure of beam tuning was
determined as follows; the first quadrupole triplet is tuned to
make the beam waist at the first diagnostic station TSI.

target.

Then, a metallic thin foil for multiple Coulomb scattering is
inserted onto the beam path so that the transverse intensity
distribution is smoothed into a Gaussian-like distribution,
prerequisite to the formation of a uniform beam with
multipole magnets. The foil material is chosen among Al,
Cu, and Ta, depending on the ion species and its energy.
The parameters of the next 20 quadrupole magnets are
usually fixed both for the beam transport through two
narrow-gap bending magnets and a long drift space, and for
the suppression of undesirable coupling of the betatron
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Fig. 1 On-target intensity distribution of a 520 MeV “Ar

large-area beam focused by multipole magnets. It was
obtained by irradiating a Gafchromic film HD-810 with
the 0.1-pA beam for 0.5 s.

The cross-sectional
profile of the uniform beam on the target is adjusted using

oscillation at multipole magnets.

the last quadrupole doublet and multipole magnets under
The beam
misalignment, which distorts the on-target profile and thus

real-time monitoring with a fluorescent screen.

deteriorates the beam uniformity, is corrected using steering
dipole magnets also with the real-time monitoring system.
Now, this procedure to form a uniform beam takes about
one hour.

A typical intensity profile of a two-dimensional uniform
beam is shown in Fig. 1, measured with a radiochromic film
on the target. A large-area uniform beam over 100 cm? can
be regularly produced with a root-mean-square uniformity
below 10%*?. By tuning only the last two quadrupole and
multipole magnets, the beam profile can be changed into a
The
high-intensity peak at the edge of the uniform beam profile

ribbon-like elongated one®, as displayed in Fig. 2.

as seen in Fig. 1 was removed with slits installed in the
beam line.

Such heavy-ion beams tailored by nonlinear focusing for
uniform beam irradiation are applied to the production of
functional polymer films and related research *.

References

1) T. Yuyama et al., JAEA Takasaki Annu. Rep. 2012
(2014) 162.

2) Y. Yuri et al., Nucl. Instrum. Meth. Phys. Res. A 727
(2013) 40.

3) Y. Yuri et al.,, Proc. North Am. Part. Accel. Conf.,
NA-PAC’13 (2013) 1388.

4) Y. Yuri et al., Plasma Fusion Res. 9 (2014) 4406106.

5) A. Kitamura et al., JAEA Takasaki Annu. Rep. 2013
JAEA-Review 2014-050 (2015) 48.

Q —
>

.‘:"g
SE
=g
= .8
o =
23
=1

2 A

<
=2

)

Relative
intensity
(=)

S
(=]

20 40 60 80 100
Horizontal relative position [mm]
Fig. 2 On-target intensity distribution of a 520 MeV “Ar
ribbon-like beam focused by multipole magnets. It was
obtained by irradiating a Gafchromic film HD-810 in air
with the 3-nA beam extracted through a thin-foil
window for 3 s.

- 164 -



JAEA-Review 2014-050

%Co Gamma-ray Irradiation Response of

Gafchromic Films, HD-V2 and EBT3

T. Ishizaka, Y. Yuri, H. Seito, T. Agematsu and S. Okumura

Department of Advanced Radiation Technology, TARRI, JAEA

Recently, we developed a method of evaluating the
charateristics of large-area ion beams using Gafchromic
radiochromic films, HD-810 and EBT2 (Ashland), and
general-purpose image scanners . However, the films
were discontinued and recently renewed to HD-V2 and
EBT3, respectively. Before testing the new films with ion
beams, we, therefore, studied the basic irradiation response
characteristics of the films using ®Co gamma rays in
advance since gamma-ray uniform irradiation can be easily
accomplished compared to ion-beam irradiation.

According to the available dose ranges of the films,
HD-V2 and EBT3 films were irradiated with gamma rays up
to 5 kGy at the second cobalt irradiation facility and up to
120 Gy at the food irradiation facility, respectively. Then,
the spectroscopic characteristics of the irradiated films were
analyzed wusing a spectrophotometer U-3310 (Hitachi
High-Tec). Moreover, they were digitized into 16-bit RGB,
127-dpi TIFF images at a transmission mode of a flatbed
image scanner ES-10000G (EPSON) toward the large-area
evaluation. The optical density (OD) was obtained from
the RGB intensity values [ in all three color channels by the
equation: OD=10g((65535/]). An analysis software was
developed to extract the 16-bit RGB intensity values and the
OD from the TIFF image.

The response of the HD-V2 is shown in Fig. 1 as a
function of the wavelength of the U-3310. The OD of the
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Fig. 1 ®Co gamma-ray irradiation response of HD-V2,
measured with the spectrophotometer U-3310.
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Fig. 2 ®Co gamma-ray irradiation response of HD-V2,

measured with the scanner ES-10000G.

un-irradiated film (0 Gy) is relatively high below 500 nm
because of the yellow fundamental color of the film. On
the other hand, the absorption due to irradiation is dominant
around 670 and 610 nm, and the peak locations slightly shift
to the short-wavelength side with dose. The dose-
dependence of the films scanned by the ES-10000G is
shown in Fig. 2. The tendency of the three-color response
curves reflects the result in Fig. 1. The OD increment of
the HD-V2 is not proportional to the dose, unlike HD-810.

Similarly, the irradiation responses of the EBT3 were
also analyzed. As shown in Fig. 3, two dominant peaks of
the absorption are located at 633 and 585 nm and the
locations are almost insensitive to the dose. The nonlinear
response of the OD is shown in Fig. 4.

The dependences of the response characteristics on
scanning conditions were also investigated.

On the basis of these results, HD-V2 and EBT3 films will
be applied to the evaluation of the size and uniformity of
large-area uniform ion beams, which are under development
in the TIARA cyclotron?.
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Emittance-expansion Technique for Transverse

Acceptance Measurement

H. Kashiwagi, N. Miyawaki, S. Kurashima and S. Okumura

Department of Advanced Radiation Technology, TARRI, JAEA

In the TIARA cyclotron, various kinds of ion beams are

used for research in biotechnology and material sciences, etc.

Changes of particle and/or energy are performed frequently
(e.g. a few times a day) according to the beam time required
for experiments.
of magnets in the low energy beam transport line are

With respect to each change, parameters

adjusted to accelerate the beam with good transmission
through the cyclotron.
the optimum condition because there are many parameters

However, it is not easy to find out

for the emittance matching to the acceptance of the
cyclotron.
transverse emittance and acceptance measurement system
has been developed V. The system visualizes the
relationship between the injected beam emittance and the
acceptance of a cyclotron.

In acceptance measurement, every small beamlet at

To provide a tool for the optimization, a

various positions in phase-plane is injected into the
cyclotron and then detected by a current probe in the
The
beamlets are formed by a pair of slits, in the low energy

cyclotron to clarify whether it is in the acceptance.

beam transport line, which admits an arbitrarily small
portion of the beam from an ion source. However, only a
part of acceptance was able to be measured because the
region of emittance of the injection beam did not cover the
whole acceptance in phase space.

To enable measurements outside the region covered by
the emittance of the beam, we have developed a technique
for effectively expanding the emittance. The system and
method of the expansion is illustrated in Fig. 1. The beam
from an ion source is enlarged in the position direction as
necessary using solenoid magnets placed upstream of the
phase space collimator.
in the angular direction by the steering magnet in

accordance with change in the region defined by the slits

The enlarged beam is then scanned
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Fig. 1 Method of the effective emittance expansion.

during the measurement. Consequently, the emittance is
effectively expanded to a large parallelogram in the
phase-plane. To accurately move the beam to a time
varying position of the region defined by the slits, the
current applied to the steering magnet is repeatedly changed
to the value calculated from the measurement data of the
emittance shape and the coordinates of the region.

An experimental demonstration was performed under the
160 MeV 0" accelerating condition. In the condition, a
beam with 50.2 keV from a 14.5 GHz ECR ion source
(Hypernanogan) is injected to the cyclotron and accelerated
to 160 MeV.
[Fig. 2(a)] was effectively expanded to large parallelograms
[Fig. 2(b)].
591 mm mrad and 1,049n mm mrad, respectively. We

The emittance of the injection beam
The emittance and the expanded emittance are

have succeeded to expand emittance more than 17 times.
Figure 2(c) shows the acceptance measured using the
expanded emittance. We have confirmed that the
measurement of whole acceptance was achieved using the
emittance-expansion technique.
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Fig. 2 Measurement results of the '%0%" beam (a) Original

emittance, (b) expanded emittance, (c) acceptance.
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Status Report on Technical Developments of

Electrostatic Accelerators

K. Yamada, Y. Saitoh, Y. Ishii, S. Matoba, A. Chiba, A. Yokoyama, A. Usui, T. Satoh,
T. Ohkubo, K. Narumi and S. Uno

Department of Advanced Radiation Technology, TARRI, JAEA

Transmission ratios of Cg, cluster ions through a tandem
accelerator

One of the key points in accelerating cluster ions using a
tandem accelerator is a transmission, which is defined as a
ratio of a beam current of incident negative cluster ions upon
the tandem to that of accelerated intact positive cluster ions
without destruction. Most negative cluster ions injected
into a tandem are destructed in collisions with a charge
exchange gas at a high voltage terminal in the tandem, thus
making the transmission of cluster ions much lower than
that of mono-atomic ions. The transmissions are strongly
dependent on a charge exchange gas pressure. So, the
transmission measurement as a function of the gas pressure
is important to obtain a higher beam current of cluster ions.
In this year, we have measured the transmission of Cg ions
as a function of the charge exchanging gas (helium) pressure
in the terminal voltage of 2.5 MV. The pressure was
monitored with a cold cathode gauge that the beam line is
equipped with just downstream of the tandem. As a result,
we obtain typical transmission ratios of 2.6% for Ceo'" and
1.4% for Cg”" shown in Fig. 1. The suitable pressures
which provides maximum transmissions for Cg, ions (CGOH:
1.2x10° Pa, Cg*™: 1.1x10°° Pa) are lower than those for
small carbon clusters. The Cg beam current of several
tens pA on a target can be available by fine tuning of gas
pressure.

Measurement of cluster ion beam current

A fullerene ion beam current is usually measured using a
high-aspect-ratio Faraday Cup (FC) because a bombardment
of a fullerene ion generates not only secondary electrons but
also secondary positive ions more than those of a
monoatomic ion. However, it is unknown how much
aspect ratio of a FC is needed to measure a correct current of
a cluster ion beam. We measured the ion beam currents of
Ar, Ar*", Cg', and Cg" ions generated by the 400 kV Ton
Implanter using the FCs with aspect ratios of 5, 10, 15, and
20. Figure 2 shows the measured ion currents normalized
by another FC with aspect ratio 15 at the end of beam line.
Each measured current using the FCs with aspect ratio of 10,
15, and 20 is independent of the aspect ratio and less than
that using the FC with aspect ratio of 5 for every ion shown
in Fig. 2. We found that the FC with 10 or more-aspect
ratio should be used to measure the beam current of cluster

ions.

Measurement of beam energy shift at 3 MV single-ended
accelerator using resonance nuclear reaction

The shifts of trace elements distribution depending on
time are observed in a sample in the u-PIXE analysis. The
main reason of the shift is considered as a slight beam
energy shift of several keV at Single-ended Accelerator.
In this study, the beam energy shift is estimated by the yield
of the y-ray from the resonance nuclear reaction of >’Al(p,y)
8Si.  The beam energy was selected to obtain a large cross
section in the reaction. The y-rays of 1.77 MeV from the
reaction between 992 keV protons and an Al target, were
measured using a Ge detector. The results showed that the
y-rays were successfully observed by the nano-ampere beam
current. We will study the beam energy shift using the
resonance nuclear reaction in the next fiscal year.
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Development of a Scintillator for Single-ion Detection

A. Yokoyama®, W. Kada ", T. Satoh”, M. Koka?, S. Yamamoto ®, T. Kamiya® and W. Yokota ”

2) Department of Advanced Radiation Technology, TARRI, JAEA,
® Division of Electronics and Informatics Faculty of Science and Technology, Gunma University,
® Environment and Industrial Materials Research Division, QuBS, JAEA

A real-time position detection of single-ion hit with high
spatial accuracy is essential in irradiation experiments of
biological cells. A CR-39 plastic track detector placed
under the cell targets is currently used to detect hit position.
Off-line observation of ion tracks in the CR-39 using a
microscope after chemical etching takes more than an hour.
Real-time detection is therefore strongly required, which
will be realized by using a scintillator that has both a spatial
resolution of 1 pm and a strong luminescence intensity. It
is  known that Al,0;:C exhibits photostimulated
(PSL) with high dose sensitivity.
Photostimulable phospher can be prepared by adjusting
implantation fluence of activators using the TIARA ion
implanter. Ion implantation is a good method for forming
luminescence layers with nanometer-order in the samples to
obtain high spatial resolution.

The intensity of PSL correlates with that of
Photoluminescence (PL) and Ion luminescnece (IL), which
accompanies with electronic excitation”. Based on this
nature, preparation of samples for strong IL or PL was tried
instead of PSL, since construction of the measurement
devices were newly needed for PSL detection. Al,Os:Eu,
which was prepared by implanting Eu into AlL,O;, was
selected. Al,O;:Eu has strong IL and can be thinned due to
single crystal. Preparation conditions, such as implantation
fluence, were studied to increase the maximum IL intensity
for Al,O5:Eu?.

The dependence of the PL intensity on the annealing
temperature and annealing time was observed for the
Al,05:Eu with an implantation fluence of 3.0x 10 % em 2 in
fiscal2012”. The annealing temperature for maximum PL
intensity was obtained at 600 °C as shown in Fig. 1. The
PL spectra of the samples annealed below 700 °C differ
significantly from those above 800 °C. For 700 °C or
lower, a broad peak appeared with a maximum in the
intensity at around 590 nm, whereas for 800 °C or higher, a
sharp peak centered at 620 nm occurred. The following
two subjects were carried out in fiscal 2013 based on those
results. (1) The PL spectra of prepared Al,O;:Eu were
compared to that of Al,Oz:Ar to identify the origin of the
peaks in the PL spectra. Al,O;:Ar was prepared by
irradiating with Ar beam to Al,O;, since Ar do not
contribute to luminescence. (2) The IL measurements of
the prepared AlL,Os;:Eu were carried out to examine
sensitivity for 260 MeV-Ne’".

In the subject (1), the Al,Os:Ar and Al,O;:Eu were
annealed at 600 °C for 0.5 h. PL signal was not appeared
for AlL,O;:Ar, which confirmed that the luminescence peaks
observed for Al,03:Eu all originated from the implanted Eu.

luminescence

This may be attributed to the temperature dependent
behavior of Eu in annealing; during low-temperatures
annealing, diffusion is a major process, whereas at high
temperatures, aggregation is significant.

In the subject (2), the IL measurement to examine the
sensitivity of the prepared Al,Os:Eu having maximum PL
intensity was carried out by irradiating with 260 MeV- Ne'".
A system for IL detection consisted of confocal microscope
with 10 times magnification objective lens and an
electron-multiplier ~ charge-coupled device (EM-CCD)
The EM-CCD camera had 512 x 512 light
sensitive pixels, each of which were 16x 6 pm? in size and

camera.

had maximum linear gain of 8 x 10° electron. With this
configuration the system had a spatial resolution of 1 um,
the same as the resolution of a single-ion hit. The system
detected scintillation from the prepared Al,O;:Eu at a hit
rate of two hundreds ions per second that was measured with
a silicon charged particle detector after irradiation. PSL is
not yet able to be observed from the prepared Al,Os:Eu and
AlL,O5;:C. However, a real-time detection system of
single-ion using IL will be able to be realized by enhancing
the IL intensity of Al,03:Eu with two hundred times thicker
implantation layer.

lon fluence: 3 x10'® cm 2

Annealing time: 1 h

~ 1000°C |

PL Intensity (arb. units)
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Fig. 1 Effects of annealing temperature for PL intensity of
Al,O;:Eu. The implantation fluence and annealing
time of the samples were fixed at 3.0x 10" cm 2 and 1 h,
respectively. The 600-°C-annealed sample emitted the
maximum PL intensity.
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Novel Approach to Intensification and Stabilization of

Negative Fullerene Ion Beam Using a Cesium Sputter Type
Ion Source

A. Chiba, A. Usui and K. Yamada

Department of Advanced Radiation Technology, TARRIL JAEA

The rate of utilization of the cluster ion beams are
increasing and currently occupies more than 20% of an

annual beam time of the electrostatics accelerators at TTARA.

The characteristic physical phenomena resulting from the
ultrahigh-density excitation formed by the interaction
between a cluster ion and a solid cannot be fully explained
by a superposition model of the interaction between an
atomic ion and a solid. The irradiation effects caused by
the collective behavior of the cluster constituent ions in the
solid, which are called here “cluster effects”, tend to
increase with increasing the cluster size; therefore, it is very
interesting to research the cluster effect caused by collision
of the fullerene ions, e.g. C¢ and C5,, which have the largest
size of the cluster ions accelerated in the MeV energy range.
On the other hand, there are few facilities which supply the
MeV energy fullerene ion beams available to experimental
users, because it is not easy to produce the negative fullerene
ions using a general ion source corresponding for tandem
accelerators; therefore, so far the study on interaction with
MeV fullerene ions is superficial to date. This report
presents an unconventional method for stable production of
the higher-intensity Cg4, ion beam using a general ion
source.

A schematic view of a Cs sputter negative ion source
commonly used for many tandem accelerators is shown in
Fig. 1(a), and the usual ions are produced through next
process. Cs vaporized in the oven ionize at surface of an
ionizer heated over 1,000 degrees C. The Cs ions are
accelerated towards to the cathode equipped with a solid
sample by an electric field between ionizer and cathode.
Some of the sputtered particles from the sample are
converted to negative ions as they pass through the
condensed cesium layer, and are extracted from the ionizer
chamber. The negative fullerene ion beam is also produced
by the above method. However, intensity of the fullerene
beam is rapidly reduced from a few nano-amperes to a few
pico-amperes, because the fragments dissociated from the
fullerenes by collision with the Cs" ions are deposited on the
surface of the sample.

A novel proposal on the negative fullerene beam
production is making use of a strong electron affinity of the
fullerene. The production method is described in Fig. 1(b).
The micro-oven which is similar in shape to the cathode is
set in the ionizer chamber instead of the cathode. The
fullerene sublimed in the micro-oven comes out to the
ionizer chamber and converts into negative ion by
attachment of the thermal electrons emitted from the surface
of the ionizer.

This production method has three advantages as follows:
1) the beam intensity more than a thousand-fold compared
with that produced by the sputtering method is preserved for
a long time, 2) this technique of using a usual ion source is
very easy to build for many tandem accelerators, 3) the
source is possible to be used as a Cs sputter ion source by
just replacing the micro-oven with the cathode.

Finally, the changes with time of beam intensity of the
negative fullerene ions and temperature of the micro-oven
are shown in Fig. 2. The beam intensity was measured
with a Faraday cup located downstream of an analyzing
magnet. The availability of the fullerene beam produced
by the new method was demonstrated through a continuous
running test for more than 12 hours.
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Fig. 1 Schematic views of the production method for
negative ion beam; (a) sputtering method; (b)
sublimation method for negative fullerene ions.
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Performance Test of a Three-stage Acceleration Lens in

a 300 keV Compact Microbeam System

Y. Ishii, T. Ohkubo and T. Kamiya

Department of Advanced Radiation Technology, TARRI, JAEA

A 300-keV compact ion microbeam system with a
three-stage acceleration lens and a duoplasmatron-type ion
source ", hereafter called the compact microbeam system, is
being developed step-by-step. The system, which is placed
in air, is designed to produce ion microbeams of several
hundred keV.

The preliminary of the

three-stage acceleration lens in the constructed compact

studies on performance
microbeam system was reported by comparing theoretically
calculated and experimentally measured hydrogen ion
microbeam sizes for beam energies below 150 keV.

As shown in Fig. 1, the three-stage acceleration lens is
composed of a two-stage acceleration lens plus a third
acceleration lens. The two-stage acceleration lens was
developed at the JAEA; it has a demagnification of over
1000, as demonstrated by forming a 160-nm hydrogen ion
beam at about 50 keV?. The third acceleration lens, with a
high-voltage gradient of over 3 keV/mm, was designed
because an image point was formed at the outside of its lens
and demagnification of over 1 was obtained?.

lon Source

Two-Stage
Acceleration Lens

apploxi-
mately
1m

Third Acceleration
Lens

SFe Gas { Insulator of UHMWPE

Working Distance .
Image Point
Three-Stage

Acceleration Lens

Fig. 1 Schematic of the three-acceleration lens system.
Experimental formation of the microbeam was designed
for an acceleration voltage of the third acceleration lens
below 150 keV; at these voltages the compact microbeam
system operated stably without electric discharges. Using
the Munro code to compute lens parameters of the
acceleration lenses, the position of images at around
145 keV was found to be 83 mm (the so-called working
distance) downstream of the third acceleration lens.
theoretical beam sizes before

To obtain starting

experiments of microbeam formation, parameters for
theoretical beam sizes, such as no-aberration beam size,

divergence angle, working distance, and spherical and

chromatic aberrations, were calculated using the lens
parameters for the acceleration lenses obtained from the
Munro code between 140 keV and 150 keV. In these
calculations, we used the geometric arrangement of lenses in
the three-stage acceleration lens as shown in Fig. 1.
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Fig. 2 Compassion of beam sizes which were obtained by
the experiments and theoretical calculation.

Hydrogen ion microbeams were experimentally formed
at acceleration voltages below 150 keV. The minimum ion
beam size in this study was experimentally obtained at
143.28 keV from repetitive measurements of ion beam sizes
by finely changing the voltage of the third acceleration lens
between 140 keV and 150 keV. By fitting the
experimentally measured beam currents to the error function,
the minimu ion beam size was estimated to be 17.2 um
+ 0.5 pm at 143.28 keV, which corresponds to FWHM of its
Two other beam sizes of 25.0 um + 0.4 pm
and 21.7 pm £ 0.4 pm were also experimentally obtained at
141.78 and 144.78 keV, respectively. These were obtained
by changing the acceleration voltages of the third
acceleration lens relative to the minimum beam size.

error function.

These three beam sizes are plotted, with error bars based on
the fittings, in Fig. 2 (filled circles) as a function of the
Therefore,
from Fig. 2, estimated and calculated beam sizes were
consistent within 10% for the range 17-25 pm®. This
three-stage acceleration lens
performed as designed for a focusing lens.

acceleration voltage of the acceleration tube.

demonstrates that the
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Cluster-ion-solid interaction has attracted attention in that
the irradiation effects are different from those expected in

The so-called cluster effects have
1-2)

single-ion irradiation.
been found in the average charge'™, energy-loss and
secondary electron emission ¥ under MeV/atom carbon
cluster impacts. In order to investigate the cluster effect in
secondary electron (SE) emission, first we studied the
energy spectra of SE’s emitted at 0-degree (the incident
direction of a projectile) from a thin carbon foil under MeV
ion bombardment.

The present theoretical research is based on the
impact-paramach shell-electron in a target carbon-atom are
obtained by the absolute square of the transition amplitude,
where the initial state wave-functions are described by the
Hartree-Fock wave-functions and the final states are
assumed a plane wave.

In addition to the above direct ionization process, we take
into account the transportation process of excited electrons
to the exit surface via the inelastic energy-loss A. We use
the convolution method to estimate the energy-loss spectre
f(ndx,A) for a projectile penetratina layer of ndx bya
convolution of f(dx,A) for one penetrating a layer of
dx. To determine the characteristic quantities there, i.e.,
the inelastic mean-free-path, the stopping power, and the
energy straggling are estimated for the excited electrons
moving in an electron-gas described by the dielectric
function.

Figure 1 shows the calculated energy spectra of SE’s
emitted directly at 0-degree (the incident direction) by a
point-charge projectile as a function of impact parameter.
b=0.1~0.5a, where a, is the Bohr radius. The
energy of the binary peak is located around 2.1 keV, which
is contributed from the 2s and 2p state electrons, but not the
Is state one. The dip structure appearing around several
ten eV originates from the wave function of the 2s state, that
has a node in radial distribution. As increasing impact
parameter, the yield of secondary electron with kinetic
energy ranging 0.1 to 2 keV decreases seriously. This is
The

present result will be compared with a recent experimental

mainly due to suppression of the 1s state contribution.
result shown in Fig. 2. In this figure, there is the convoy
electron cusp around at 0.5 keV, which was not considered
in Fig. 1.
Fig. 1.
the energy-loss of the electrons and the emergent-angle

This figure shows a qualitative agreement with
Comparison with the theoretical result that contains

dependences of the projectile will be prepared. As the next
step, we will perform a similar calculation for a di-atom

cluster in order to investigate the alignment effect. Finally

we are grateful for useful discussion of project members in
collaboration.
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Time-of-flight (TOF) secondary ion (SI)
spectrometry is a very powerful surface analysis technique
as it allows sensitive detection of SIs over a wide range of
mass-to-charge ratios (m/z) and gives chemical-specific
information. In addition, use of a cluster ion instead of a
monoatomic ion as a primary ion with the same speed
provides higher emission yields of SIs originating from
target surfaces, showing that use of cluster primary ions is
advantageous for further sensitive surface analysis in TOF
SI mass analysis”. The TOF SI measurements require
timing signals for both the primary ion incidence on the
target (the start signal) and the SI detection (the stop signal).
Although the stop signal is simply obtained from an SI
detector placed at the end of the flight path, the start signal
measurements require more sophisticated methods. We
developed the transmission type of TOF SI mass
spectrometer with energetic cluster ion impacts that provides
ST ion mass spectra without sophisticated methods such as
ion beam pulsing?.

The SI mass spectra were obtained using a TOF SI mass
spectrometer along with primary ions produced by a 3 MV
tandem accelerator at the Japan Atomic Energy
Agency/Takasaki. Primary cluster ions were injected into
a thin foil target at an angle of 45° to the target surface, then
transmitted through the target.  Detection signals of
transmitted constituent particles originating from the
primary cluster from a solid-state detector (SSD) were used
for the start signals. SIs emitted from the front surface of
the target were accelerated between the target and a TOF
mass spectrometer. The stop signals were obtained from a
microchannel plate placed at the end of the flight path in the
TOF drift tube. The details of the experimental setup have
been described elsewhere 2.

Figure 1 shows a pulse-height spectrum of the SSD
detector for 4.0 MeV Cg" transmitted through a silicon
nitride membrane with a thickness of 20 nm (Silison Ltd.).
The relative intensity was obtained by dividing the count for
each channel by the total count. The intense peak around
channel 425 is attributed to detection of all the constituent
atoms of the primary Cg cluster (N = 8: N is the number of
detected C atoms). Interaction of a constituent with target
atoms and/or the other constituents makes the velocity
direction of the constituent deviate from that of the primary
cluster, resulting that a fraction of the constituents miss the
detector.  Depending on the number of the detected

mass

constituents, the peaks for N =7, 6 observed in the spectrum.

The relatively higher peaks for N =3 and 5 are primarily due
to C; and Cs, produced by preferential decomposition of Cg

into C; and Cs before injection into the target”. Figure 2
shows a positive SI TOF mass spectrum under the same
condition as Fig. 1. The timing signals, simultaneously
provided with the pulse-height signals by the pre-amplifier,
were used as the start signals. The major peaks observed in
Fig. 2 can be assigned to ions of singly charged atomic and
molecular hydrogen H," (p:1-3), hydrocarbon C,H," (g:1-4)
originating from surface contaminants. The peak at m/z=
57 can be partially attributed to SiC,Hs" and/or NC;H,"
originating from the target surface.

In conclusion, TOF SI mass spectra were successfully
obtained by the transmission type of TOF SI mass
spectrometer with energetic primary cluster ions without
sophisticated methods such as ion beam pulsing.
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62.5-keV/u C," Ions
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A vicinage effect on secondary-electron (SE) emissions
from a solid induced by swift molecular/cluster ions is one
of the unresolved problems of atomic collisions in solids".
In the previous report, we have observed thickness
dependence of SE yields in the forward emission from
amorphous carbon foils bombarded with 62.5-250-keV/u
H," and C," ions?.

vicinage effect has demonstrated that the effect consists of

Internuclear-distance analysis of the

two contributions: One depends on the internuclear distance
and the other hardly depends on it. We have concluded
that the former can be attributed to the production process of
the three-step model of SE emissions from a solid®, which
is closely related to the energy deposition by a projectile.
On the other hand, the latter could originate from the
transport process. However, the vicinage effect which
originates from other processes except the production
process has not been demonstrated experimentally yet.
In the present study, we have observed cluster-size
dependence of SE yields emitted in the forward direction
from amorphous carbon foils bombarded with C," ions. It
demonstrates the vicinage effect attributed to other
processes except the production process.

62.5-keV/u C," ions (n=1-4) were incident on self-
supporting amorphous carbon foils of 1-80 pg/cm’
thicknesses, which were tilted by 45° to the beam axis. C,"
ions were supplied with the 3-MV tandem accelerator of
JAEA/Takasaki.
a carbon foil were detected with a microchannel-plate
(MCP) detector placed at the lower side of the target holder
Bias voltage of +0.7 kV was

applied to the entrance of the MCP detector in order to

SEs emitted in the forward direction from

in parallel with the foil.
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Fig. 1 Dependences of the ratio of the SE yields R, on the

foil thickness.

collect all SEs emitted in the forward direction. The pulse
height of the MCP-detector signal is proportional to the
number of the detected SEs.

through the foil were detected with a solid-state detector

Projectiles transmitted

(SSD) placed on the beam axis in the forward direction,
which made it possible to measure the energy and the
number of the transmitted particles.
of the SSD was 7.6°.
stored in a PC in a list mode. In order to evaluate the
only MCP-detector
coinciding with the two-carbon signals from the SSD were
distributions of the
MCP-detector were measured. The SE yield per incident

The acceptance angle
The signal from each detector was
vicinage effect

correctly, signals

selected, and the pulse-height

projectile was defined as the most probable number of the
SEs.
the SE yields R,=v,/ny;, where vy, and y; were SE yields

The vicinage effect was evaluated with the ratio of

induced by bombardment with C,-cluster and monatomic
ions with the same velocity, respectively; then, the effect is
shown to be observed in the case that R, # 1.

Figure 1 shows that R, <1 in all the cases measured, i.e.,
suppression of SE emission has been observed. The ratio
R, approaches 1 gradually as the target is thicker, whereas it
never reaches 1 within the thickness used in the present
experiments. Figure 1 also represents that the larger the
This
cluster-size dependence of R, has been observed for at least

cluster size n is, the smaller the ratio R, is.

60 pg/cm’ as obvious in Fig. 1.

Our previous internuclear-distance analysis has revealed
that the vicinage effect attributed to the production process
dominates at thin foils, and could diminish at approximately
30 pglem? 2.
process to the effect could be excluded at the thicker foils.

Thus, the contribution of the production

On the other hand, the observed cluster-size dependence of
R, indicates that the vicinage effect originating from some
This
supports our conclusion that the vicinage effect which

physical mechanism exists even at the thicker foils.

originates from other processes except the production
process For further
confirmation, theoretical study is necessary.

is demonstrated experimentally.
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We have so far found that high-energy particles penetrating into materials give their kinetic energy to a limited nm-sized
spatial area along their trajectories, affording insoluble nanogels (nanowires) via cross-linking of the materials. The
resulting nanowires can be isolated on the substrate by the subsequent development using organic solvent and visualized by

atomic force microscopy (AFM).
shape and size of the obtained nanowires.

This methodology motivated us to visualize cluster ion beam tracks by investigating the
Here we found that some of ethynyl-substituted m-systems provide nanowires by

Al cluster beam irradiation, where interactions between Al cluster ions and organic materials are clearly visualized.
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Fig. 1
350-nm
films.
irradiation of Al, (3.0 MeV) and Al; (4.5 MeV) ion
cluster beams, respectively. The films were prepared
by spin coating from THF solutions.

AFM topographic images of nanowires by SPNT of
thick  tetrakis(2,5-ethynylphenyl)porphyrin
The left and right images were obtained by

Benzene was
used for the development.
of split ion tracks.

Blue circles indicate a sign
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Ordered FeRh alloy with B2 (CsCl-type) crystal structure
has considerably attracted scientific interests because of its
unique magnetic behavior of a first order phase transition
from antiferromagnetic (AF) to ferromagnetic (FM) near
room temperature’. Hereby, we revealed that the ion beam
irradiation induced the FM state in FeRh bulk and film
samples below room temperature where they were originally
in the AF state.

In the present studies, we have investigated the effect of
energetic cluster ion beam irradiation on magnetic and
structural properties of FeRh thin films. When a couple of
atoms constituting a cluster ion impinge on a very small
volume simultaneously, high-density energy deposition and
multiple-collision processes can be realized ?. Hence,
lattice defects, which are ascribed to the change in the
magnetic natures of FeRh, will be introduced in the FeRh
films in a different way from the case in the irradiation with
the conventional single ion beam.

FeRh thin films were deposited on the MgO (001)
substrate at 973 K by ion beam sputtering from a FeRh
target. The FeRh thin films were subsequently irradiated
with 5 MeV Au; cluster ion as well as 1.67 MeV Au, ion
beam at Japan Atomic Energy Agency (JAEA) -Takasaki by
using a 3 MV tandem accelerator. The irradiation was
performed at room temperature with the ion fluence of 3 x
10'? Au/cm?.

of the films were evaluated by X-ray magnetic circular

After the irradiation, the magnetic properties

dichroism (XMCD) at the synchrotron radiation facility
(KEK-PF), as well as by a superconducting quantum
interference device (SQUID) magnetometer.

Figure 1 shows the magnetic-hysteresis loops measured
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Fig. 1
Auj cluster ion and Au, ion.

M-H curves for the unirradiated and irradiated with

at 5 K for the unirradiated films and irradiated ones with the
Auj cluster ion and Au; ion with the ion fluence of 3 x
10" Au/em?.

ion fluence,

Even in the films irradiated with the same
the saturation magnetization of the film
irradiated with the Aus cluster ion (280 emu/cc) is larger
than that of the film irradiated with Au; ion (240 emu/cc).
Similar results have also been confirmed by the XMCD
Figure 2 shows the XMCD spectra at the Fe
The Fe
L, ;-edge spectrum for the film irradiated with Au; cluster
jon with the fluence of 3 x 10'? Au/cm® shows a larger
XMCD signal than that of the film irradiated with Au; ion
with the same fluence.

measurement.
L, ;-edge for the unirradiated and irradiated films.

This fact suggests that the surface
magnetization of the film irradiated with Aus cluster ion is
Cluster
ions can leave many displaced atoms on the surface

larger than that of the film irradiated with Au, ion.

compared to a single ion because cluster ion irradiation can
realize the processes of high-density energy deposition and
multiple-collision.  This is because cluster ion is composed
of a few atoms in a distance of a few angstroms.

These results show that cluster ion irradiation is better
than the single ion irradiation from the viewpoint of the
saturation magnetization, even if the same irradiation energy

is deposited in the films.
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There has been an increasing demand to extend
accessible mass range in secondary ion mass spectrometry
(SIMS) particularly for biological and biomedical molecular
imaging”. During the past two decades, various kinds of
large clusters, such as Cg ions, argon gas cluster ions, water
cluster ions, and metal cluster ions have been used as
primary ions. It was shown that these cluster ions enhance
emission of intact large molecular ions compared to
monatomic ion bombardment. In the present study, we
employ 5 MeV Cq,' ions to measure secondary ions emitted
in the forward direction from phenylalanine amino acid
films deposited on self-supporting amorphous SizNy
(a-SizNy) films. We found significant enhancement of the
intact phenylalanine ion yield and suppression of fragment
ions in the forward direction compared to the backward
direction.

Phenylalanine amino acid was purchased from Nacalai
Tesque (Japan) and used without further purification.
Self-supporting a-Si;N, films (1.5 x 1.5 mm?) of thickness
20-50 nm made by low pressure chemical vapor deposition
were purchased from Silson Ltd (Northampton, UK). Thin
films of phenylalanine (20-100 nm) were prepared on the
a-Si3N, films using vacuum evaporation.

A beam of 5 MeV Cq,' ions was produced by a 3 MV
tandem accelerator at JAEA/Takasaki. The beam was
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Fig. 1 Mass spectra for positive ions from phenylalanine

films on a-Si;N, films under 5 MeV Cg  ion
bombardment. The spectra observed in the forward
direction (solid line) and the backward direction (dashed
line) are shown.

collimated by an aperture (diameter Imm) and incident on
the phenylalanine/a-SizN, film from the a-SisN, side at 45°
with respect to the surface normal. The ions passing
through the film were detected by a silicon surface barrier
detector of 20 mm diameter which was placed about
110 mm downstream from the specimen. Positive
secondary ions emitted in the forward direction from the
phenylalanine films were accelerated by a mesh electrode
biased at -0.7 kV and detected by a micro-channel plate
(MCP) after traveling through a drift tube of 930 mm length.
The timing of the projectile and secondary ion signals were
measured by a 4ch TDC (WE7521: Yokogawa Electric
Corp., time resolution 5 ns) and the data was stored in a list
mode. We also measured the secondary ions emitted in the
backward direction from the phenylalanine film. In the
backward measurement, the drift tube and MCP were moved
behind the sample (135° with respect to the beam direction)
and the phenylalanine/a-SizN, film was rotated by 180° so
that the secondary ions emitted from the entrance surface of
the phenylalanine film can be measured.

Figure 1 shows the observed mass spectra of positive
secondary ions emitted in the forward (solid line) and
backward (dashed line) directions. In addition to a peak of
the protonated phenylalanine ions at m/z = 166, there are
many ions corresponding to the fragment ions. The yield
of the intact phenylalanine ion is 4.7 x 10~ ions/incident ion
in the backward direction. In the forward direction, the
yield is almost one order of magnitude larger than the
backward direction. It is also noteworthy that the yield of
the fragment ions are suppressed in the forward direction
compared to the backward direction. The forward to
backward yield ratio is about 0.2 for smaller fragment ions
and increases very rapidly with mass number. This
behavior can be qualitatively understood in terms of the
distribution of the deposited energy at the entrance and exit
surfaces . The present result demonstrates a large
advantage of the transmission SIMS using MeV Cg ions for
the analysis of biological materials.
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K. Hirota®, H. Takizawa ®, M. Hosono *, Y. Haruyama *,
Y. Nakamura b), S. Kaneya b), T. Asai b), M. Kawabata b), S. Nozawa ® and K. Watanabe

?) Department of Advanced Radiation Technology, TARRI, JAEA,
® Takasaski Establishment, Radiation Application Development Association

1. Research & Industrial Uses

There are four accelerators, cyclotron, tandem,
single-ended accelerators, and ion implanter, in the TIARA
Research activities for the
cyclotron for the past 5 years are shown in Fig. 1. Total
utilization time is ranging from 2,200 to 2,500 hours. This
time is equal to more than 95% of available time of the

cyclotron.

to meet various research needs.

Researches on “biotechnology and medical
application” account for the largest portion of total
utilization time each year. The trend of research activities
in the TIARA are slowly changing recently, where “base
technology” is in high demand. In contrast, researches on
“RI production and nuclear science” are decreased for the
past 3 years.

When we see the research activities for the three

electrostatic accelerators, the profile of total utilization time
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Fig. 1 Status of utilization for cyclotron for recent 5 years.
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is different from that of the cyclotron, as shown in Fig. 2.
The utilization time of “base technology” is increased year
by year and reached to about 50% of the total time.
Relatively lower energy irradiation probably meets demand
of researchers who study the fundamental phenomena of
materials under irradiation, elemental analysis and so on.
An increasing trend is also the case with “nuclear and fusion
materials”.

2. Fukushima Recovery

The TIARA facility contributes to Fukushima recovery in
a variety of fields through in-house researches as follows;

» Research on breakdown events of wide band gap
semiconductor in the space environment,

- Study of radiation effects on anti-radiation microbes,

« Study of nitride layer effect on breakdown of zircaloy
oxide layer.

Cyclotron is one of the key radiation-source machines to
understand radiation effects on semiconductor and to develop
robots for reactor decommissioning of Fukushima Daiichi
Nuclear Power Station. This research is also carried out
using the tandem accelerator and the ion implanter.
Researches on anti-radiation microbes using the cyclotron are
expected to create microbes which are able to enrich cesium
in the environment.

In addition to the in-house researches, collaboration
researches are progressing. For example, basic RI imaging
technology is studied to observe real-time phenomena of
cesium dynamics in plants. Positron-emitting isotope of
cesium-129 generated using the cyclotron through reaction of

2"(a, 2n)'*Cs was used for this imaging study.

3. The others

Eighth  Takasaki Advanced Radiation Research
Symposium was held on 11th to 12th in October, 2013 at
Takasaki City Gallery.
anniversary of the Takasaki Institute was programmed in the

Special session on the fiftieth

symposium. More than 500 participants discussed about
research topics such as radiation effect on organic and
inorganic materials, radiation-induced mutation, and
radiation degradation of pollutants.

Furthermore, the JAEA Takasaki annual report 2012
included in 164 research papers was issued the same as before.
About 600 books were distributed to relevant departments.

The second five-year plan for our institute covers the
period from 2010 to 2014.
user-friendly environment for researchers’ demand at the

TIARA facility.

We continue to provide
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Operation

The AVF cyclotron was smoothly operated in fiscal 2013.
The accumulative operation time was 72,097.9 hours and
the total number of experiments was 10,336 from the first
beam extraction in 1991 to March 2014.

Table 1 shows the statistics of the cyclotron operation of
fiscal 2013. For comparison, it includes the data in fiscal
2012. The total operation time amounted to 3,005.6 hours,
and monthly operation times are shown in Fig. 1. The
percentages of operation time of the year used for regular
experiments, facility use program and promotion of shared
use program, beam tuning, and beam development are
62.9%, 13.0%, 22.4%, and 1.6%, respectively. There was
only one cancellation of the experiments, which was caused
by a machine trouble.

Table 2 shows the operation time of the multi-cusp ion
source for H and D" production and two ECR ion sources
ions. The ECR ion sources are used

The Operation time of the OCTOPUS ion
source decreased, and the operation time of the
HYPERNANOGAN ion source and the multi-cusp ion
source increased compared to fiscal 2012.

for heavier
alternatively.

Fractional
distribution of major ions used for experiments is shown in
Fig. 2. The ratios of D, Ne and Metal increase compared to
fiscal 2012.

Table 1  Statistics for cyclotron operation.

2012 2013
Beam service time (h) 2398.5 2282.7
Machine tuning (h) 714.9 674.5
Beam development (h) 62.2 48.4
Total operation time (h) 3175.6 3005.6
Change of particle and/or energy 225 times 251 times
Change of beam course 273 times 267 times
Change of harmonic number 72 times 76 times
The number of experiments 547 548

500

Table 2 Operation times of ion sources.
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Fig. 1 Monthly operation times in fiscal 2013.

Ion source Operation time |Operation time
2012 (h) 2013 (h)
Multi-cusp 821.3 848.1
ECR (OCTOPUS) 1170.4 646.3
ECR(HYPERNANOGAN) 1833.9 2084.4
Others

Fig. 2 Ion species used for experiments in fiscal 2013.

Maintenance

The regular yearly overhaul and maintenance were
carried out. The major items follows:
1) Installation of a differential pumping port to guide bush in
order to drive the shorting plate of the RF system without
deteriorating the vacuum level, 2) Inspection of the
cryogenic pumps in the injections system, 3) Exchange of
cooling fans for power supplies, 4) Exchange of the
evacuation control sequencer units for the beam transport
system, 5) Routine maintenance of the power supplies,
6) Additional installation of the inverter control unit to the
secondary water cooling system for the ion sources and
injections system, 7) Exchange of HC rotary shutter in the
beam transport system, 8) Exchange of radiation monitor
system.

Technical Development

New beam acceleration tests were carried out for 40 MeV
D" and 385 MeV *°Ar'?*, which were needed for experiments.
Moreover, the current and energy of '2*Xe®" are significantly
improved; 30 nA and 660 MeV were obtained. Low
contamination rate was confirmed in the HYPERNANOGAN
ion source; 0.2 percent Cu ion for 520 MeV ¥Kr*** and none
of the other ions for 400 MeV *Kr'*".

In order to increase the transmission of heavy-ion beams
for uniform irradiation in the LB course, a vacuum pipe with
a large square section was installed. The detail is described
elsewhere in this annual report.

were as
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1. Operations and Status

The operating ratio of 100% with respect to the research
utilization in fiscal year 2013 had been achieved, because
the serious troubles in any electrostatic accelerators were
avoided due to the appropriate repairs and maintenance.
The fiscal operating times of the 3-MV tandem accelerator,
the 400-kV ion implanter and the 3-MV single-ended
accelerator were 2,062, 1,866 and 2,320, respectively, in the
same levels with usual years. The monthly operating times
The scheduled
maintenances for about two weeks were carried out in
and March, respectively. The
accumulated operating time since starting the operation of

of these accelerators are shown in Fig. 1.

August, December
the tandem accelerator at 1991 had been achieved at
40,000 hours
accelerator in fiscal year 2011.
2. New Beam

There are few facilities in which the fullerene ion beams,

in October, following the single-ended

e.g., Cq and C;", are usable in a MeV energy region

through use of a tandem accelerator .

One of the reasons
for not popularizing the MeV energy fullerene ion beams is
difficulty in generating the negative fullerene ions using a
Cs sputter type ion source which is generally installed on
many tandem accelerators.

In the tandem accelerator in TIARA, a generation
technique of Cyy ions on the electron attachment basis is
being developed using the existing Cs sputter type ion
source (SNICSII, National Electrostatics Corp.). At the
current stage, intensity of the Cg ion beam which was
charge-exchanged by collision with the stripper gas and

350
@ Tandem O Single-ended OlImplanter
300
T I
8 250
=
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Month
Fig. 1 Monthly operating times of electrostatics accelerators

in FY 2013.

which was accelerated by the tandem accelerator has
increased 1,000-fold as compared with that generated by a
conventional method. The provision of the enhanced
fullerene beam to several users has already been started.

3. Maintenance and Improvement

The renewal of incidental equipment and devices for the
electrostatic accelerators had been carried out in line with
the schedule of the governmental supplementary budget for
fiscal year 2013.

A SF¢ gas-recovery unit for the tandem accelerator was
fully-refurbished. The dilapidated unit, which had been
operating more than two-decade, had fears that the
deterioration of a compressor or a vacuum pump impairs the
gas-recovery ability and that the SFq gas, which is
greenhouse gas, leaks due to the deterioration of the
packing in the pipe joints. The new unit without the use of
Iubricating oil for the compressor and the vacuum pump
will contribute to more stable operation of the accelerator,
because of keeping a high purity of SF4 gas. In the ion
implanter, a booster power supply, an acceleration tube (see
Fig. 2), and sequence modules in a control system were
renewed. In the single-ended accelerator, an acceleration
tube and sequence modules in a control system were
exchanged for new ones; moreover, some instruments
installed on a SF¢ gas-recovery unit: a compressor, a
vacuum pump, solenoid valves, and a console, were
renewed. It is expected that the renewals of these

equipment lead to more stably providing the ion beams and

to safer operation.

Reference

1) B. Waast et al., Nucl. Instrum. Meth. Phys. Res. A 382
(1996) 348-56.

Fig. 2 Exchanging process of the acceleration tube on the
ion implanter.
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1. Operation

The electron accelerator and the gamma-ray irradiation
facilities were operated approximately smoothly.

The electron accelerator was on service as scheduled
9:00-17:30 on Monday and Friday, and 8:30-23:00 from
Tuesday to Thursday, to satisfy users’ demand for operation
time; however, the service time on Thursday was shortened
to 9:00-17:30 since June 2013 for effective operation in
consideration of users’ demand. As shown in Fig. 1, the
annual operation time of the electron accelerator in FY 2013
has increased to 1,242 h as compared with that in FY 2012
because longer-time irradiation increased in the
materials-for-space research field.

The ®Co gamma-ray irradiation facilities consisting of
three buildings with eight irradiation rooms cover a wide
dose-rate range from 10" to 10* Gy/h. The annual
operation times for the first, the second cobalt irradiation
facilities and the food irradiation facility are 18,900 h,
11,804 h and 6,587 h, respectively, as shown in Fig. 2.

2. Maintenance
2.1 Electron accelerator

The SF¢ gas withdrawal system, which broke down in
October 2012, was renewed in February 2014. This
renewal enabled to open the accelerator vessel, and damaged
coupling part of the Motor-Generator rod in the accelerator
vessel was replaced to new one. The PLC (Programmable
Logic Controller) of the accelerator’s control system was
renewed in February 2014. A cooling tower of the water
cooling system for the accelerator was renewed in June
2013. The air-conditioning system for the accelerator’s
building was renewed in January-March 2014.
2.2 Gamma-ray irradiation facilities

The periodical maintenance check mainly on mechanical
system for radiation source transportation is performed
every year on one of three gamma-ray irradiation facilities
in turn. The maintenance check of the food irradiation
facility was done in November 2013 with suspension of
operation for fifteen days.

The new ®’Co sources, whose total radioactivity was
4.44 PBq, were loaded into the irradiation room No.2 in the
first irradiation facility and the irradiation rooms No.5 and
No.6 in the second irradiation facility to increase the area of
high dose-rate fields.

The 600-m’ water storage tank was installed on the south
side of the first irradiation facility in November 2013.
Before the maintenance check of each facility, the water

pool of the each facility has to be evacuated. This tank
enabled to store the evacuated water without drainage and to
re-store the water quickly to the pool without production of
newly refined water, and furthermore, to shorten the
suspension period of operation. This storage tank will be
used for three gamma-ray irradiation facilities.

The air-conditioning systems for the first and the second
irradiation facilities were renewed with the intermittent
suspension period of operation between January and March
2014.

Following jobs were carried out using mainly the
intermittent suspension periods of operation in January and
February 2014. The PLCs of the irradiation control system
in the first and the food irradiation facilities were renewed.
The radiation monitoring systems for irradiation rooms in
the first and the food irradiation facilities were renewed.
Large-sized LEDs of the radiation monitoring system for the
controlled areas were repaired. The water treatment system
was renewed partly.

Electron accelerator

1400
1200
1000
800
600
400
200

Operation time (h)

2009 2010 2011

Fiscal year

2012 2013

Fig. 1 Annual operation time of the electron accelerator.

Gamma-ray irradiation facilities
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Fig. 2 Annual operation times of the ®°Co gamma-ray
irradiation facilities.
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The electron accelerator and the three gamma-ray
irradiation facilities were operated for various research
subjects according to the operation plan in FY 2013.

The irradiation time and the number of research subjects
for each facility in FY 2013 are shown in Table 1. The
accelerator mainly served for graft-polymerization for new

2012 for each facility.

Among these research subjects, 47 and 91 ones
respectively performed at the electron accelerator and the
gamma-ray irradiation facilities were relevant to recovery
from the Fukushima Daiichi nuclear disaster.

material development, radiation effect study on
semiconductors and various experiments of
visiting users. The first cobalt irradiation

facility mainly served for radiation-resistance

Table 1

for each facility in FY 2013.

The irradiation time and the number of research subjects

testing of cables used in nuclear power plants Facility || Electron accelerator Gamma-ra'y' i'rradiation
and nuclear reactor facilities with a long facilities
irradiation  period. The second cobalt Irradiation| Research | Irradiation | Research
irradiation facility, involving the irradiation | Research fields time (h) | subjects time (h) | subjects
room No.6 operated on hourly schedule, mainly | Material processing 104.1 149 4991.5 303
served for development of new functional | Heat-resist material 119.5 36 0.0 0
materials and other research subjects of visiting | Materials for space 843.9 145 15263 40
users. The food irradiation facility mainly | wNyclear facilities 17.4 5 55436.2 126
served for development of detection method for | gpvironment 0.0 0 0.0 0
irradiated foods and radiation resistance testing Resources & 00 o 2038 o
at lqwer dose rates. Bio-technology . .

Figure 1 shows the number of research 5 G hiloay 92.6 5 1043.0 23
'subJects for each research field in each facility Toint use 643 2 271234 194
in FY 2009-2013. The number of research Total aL7 362 904193 708
subjects in FY 2013 is kept constant from FY ota . .

Electron Accelerator Gamma-Ray Irradiation Facilities
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Fig. 1 The number of research subjects (FY 2009-2013).
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1. Individual monitoring
(1) Individual monitoring for the radiation workers

Table 1 shows a distribution of effective dose of the
radiation workers in FY 2013. The effective dose values of
almost all radiation workers were below the detection limit
(0.1 mSv).

The maximum dose was 0.3 mSv/y due to the overhaul of
the TIARA AVF cyclotron.

Table 1 Distributions of the effective dose of the radiation
workers in FY 2013.

Number of persons in each period
Items
Ist 2nd | 3rd 4th Annual
quarter | quarter| quarter| quarter
Distributi HE < 0.1 610 578 588 624 779
stribution range — —
of effective dose O1=HE=10 ! > 2 ! 8
1.0 <HE =50 0 0 0 0 0
HE:Effective dose[ 5.0 <HE= 150 | 0 0 0 0 0
) 150 < HE o] o o] o] o
Total number of persons (A) 611 583 590 625 787
Exposure above pzzgr:r (OBf) 0 0 0 0 0

1 mSv

B)/(A)x1000%) | 0 0 0 0 0
Mass effective dose (Person*mSv) | 0.1 0.8 0.2 0.1 1.2

Table 3 Monitoring results of released radioactive gases
and dust in FY 2013.

Periods Ist 2nd 3rd 4th
Items
Maximum
Ay concentration

Nuclide Total

quarter quarter quarter

<1.4x107*[<1.4x10*| <1.4x10™| <1.5x10™

quarter

Activity | 2.1x107 0 2.1x10% | 2.0x10° | 4.3x10°
Maximum 4 4 4 4

i |concentration <1.4x107*[<1.4x10™]| <1.4x10™*[<1.5x10
Activity | 2.0x10% | 4.6x107 | 8.4x107 | 4.4x10" | 3.7x10°
Maximum 4 -4

BN concentration <1.4x10 <1.4x10
Activity | 53x10"| —— 1.8x10" | —— 7.1x10’
Maximum

10 -10) -10) -10
7, |concentration|<6:2x10"]<5.9x10™]<5.9x10 <5 3x10

Activity 0 0 0 0 0
Unit : Bg/cm” for

aximum concentration, Bq for Activity.

3. Monitoring for external radiation and surface
contamination

External radiation monitoring was routinely carried out
in/around the radiation controlled areas and surface
contamination monitoring was also carried out. Neither
unusual value of dose equivalent rate nor surface
contamination was detected.

Figure 1 shows a typical example of distribution of the
dose equivalent rate in the radiation controlled area of the
cyclotron building.

Mean dose (mSv) 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Maximum dose (mSv) 0.1 0.3 0.1 0.1 0.3

*1 The dose by the internal exposure was not detected.

(2) Individual monitoring for the visitors and others

Table 2 shows the number of persons who temporary
entered the radiation controlled areas. The effective dose
of all persons was less than 0.1 mSv.

Table 2 The number of persons who temporary entered the
radiation controlled areas in FY 2013.

Periods st 2nd 3rd 4th Total

quarter | quarter | quarter | quarter
Numberof 1/l g6 | 1379 | 1936 | 5025
persons

2. Monitoring of radioactive gas and dust

Table 3 shows the maximum radioactive concentrations
and total activities for radioactive gases released from the
stack of TIARA, during each quarter of FY 2013.

Small amount of *'Ar, ''C and "N were detected for
some time during operation of the cyclotron or experiment,
but the particulate substances (*°Zn, etc.) were not detected.

&5
0.3 08

///////4

Fig. 1 Dose equivalent rate distribution in the radiation
controlled area of the cyclotron building.
Measurement date : 20th ,25th and 26th March 2014,
Measuring position : Indicated with X (1 m above floor),
Unit : uSv/h.
(The values are not indicated if less than 0.2 uSv/h.)
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1. Radioactive wastes management

The radioactive wastes generated in TIARA are managed
by Utilities
radioactive wastes are the solid ones generated from

and Maintenance Section. The main
research experiments and the maintenance of the cyclotron.
Other radioactive wastes are the liquid ones, which is mainly
inorganic waste fluids generated from research experiments
and the air-conditioning machines in the controlled area.
The wastes are managed according to their properties.

2. Solid radioactive waste

Table 1 shows the amounts of solid wastes at various
properties and kinds generated in each quarter of FY 2013.
The main solid waste is

generated from research

experiments and the maintenance of the cyclotron.

Combustible
clothes, etc.

wastes are rubber gloves, paper,
Incombustible wastes are metal pieces, the

glasses, and contaminated parts.

3. Liquid radioactive waste

Table 2 shows the amounts of liquid wastes generated in
each quarter of FY 2013.
inorganic waste water generated from chemical experiments

Most of liquid waste was

and condensed water from operation of air conditioning
units installed in each room of the first class controlled area.
The largest quantity of waste water in summer season (2nd
quarter) is mainly due to condensed water.  After treatment
by evaporation of liquid residue, inorganic water is reused in
the radiation controlled area. Only small amounts of

concentrated liquid are generated from the evaporation.

Table 1 Radioactive solid wastes generated in FY 2013.
Amounts Amounts of generation in each period (m’) Number of
1st 2nd 3rd 4th package
Ttems quarter quarter quarter quarter Total /drum
Category A* 0.06 0.44 0.42 0.36 1.28
1)Combustible 0.06 0.30 0.24 0.16 0.76 SH*
2)Incombustible 0 0.14 0.18 0.20 0.52 0
Compressible 0 0.14 0.18 0.20 0.52 Rl
Filters 0 0 0 0 0 0
Incompressible 0 0 0 0 0 0
Ion exchange resin 0 0 0 0 0 0
Category B* 0 0 0 0 0 0
* defined by dose at the outer surface of container : (A) < 2 mSv/h = (B),
** 200-liter drum.
Table 2 Radioactive liquid waste generated in FY 2013.
Amounts Amounts of generation in each period (m3) Number of
Ist 2nd 3rd 4th package
Items quarter quarter quarter quarter Total /drum
Category A* 8.65 22.99 4.38 3.79 39.81
1)Inorganic 8.65 22.99 4.38 3.79 39.81 treatment
2)Organic 0 0 0 0 0 0
Organic 0 0 0 0 0 0
Oil 0 0 0 0 0 0
3)Sludge 0 0 0 0.1 0.1 1
4)Evaporation residue 0 0 0 0.1 0.1 1
Category B* 0 0 0 0 0 0

* defined by concentrations in Bq/cm® (B, v) : (A) < 3.7x 10 = (B) < 3.7x10%.
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1. Introduction

The facilities of JAEA are widely opened to users in
universities, public institutes, industries, etc. FACILITY
USE PROGRAM started in 2006, which is the system of
facility use for the user’s service on fee-charging basis.
The open used facilities in Takasaki are Co-60 Gamma-ray
Irradiation  Facilities, Electron Accelerator, TIARA
(Takasaki Ion Accelerators for Advanced Radiation
Application), and some of the off-line analysis instruments.

In this program, the Research Proposals are examined
carefully every half year from the standpoint of the
availability and the validity of the experimental plan by the
special committee. The facility usage fee has revised in
FY2013. The details of the fee consist of handling fees,
the irradiation fee, the expendables fee, radioactive waste
disposal expenses and the additional charge. In case of
Non-proprietary research, the users, who are exempted from
the irradiation fee, should report the experimental results to
JAEA. The reports are opend to the public by the annual
report. Users of universities can also apply to the facility
usage through another program operated by The University
of Tokyo. Such applications are accepted as priority case.
Table 1 shows main classification of FACILITY USE
PROGRAM.

Table 1 Main Classification of FACILITY USE
PROGRAM.
Purpose Research and Development Except
R&D
Cla§51ﬁc General Priority Commercial
ation case
Result Non- Proprieta
U proprietary prictary
Referee Yes No
Charge* A B C

*A = handling fees + the expendables fee + radioactive
waste disposal expenses,
B = handling fees + the irradiation fee,
C = handling fees + the irradiation fee + depreciation.

2. Use in FY2013

There were 21 applications of Research Proposals in
FY2013 at Takasaki Institute, and 17 of them were as
Non-proprietary use. Including the users from priority case
and others, 310 applications from 76 users are accepted.
Table 2 and Fig. 1 show user’s classification for each
facility and distribution of classification for FACILITY USE
PROGRAM.

Table 2 User’s classification for each facility.

User z 2|8 g —_
21, 2Eg B
s Y .=Z8|2 ° o
Facility 2 S EE s F
S5 |E7E 8§
AVF cyclotron 7131|1424
é 3MYV tandem accelerator 4 0 1 5
é 3MVsingle-ended accelerator 1 0 2
400kV ion implanter 1]101]0
Co-60 gamma-ray
irradiation facilities 4 413038
Electron accelerator 1 0 516
Total for each classification 18 7 | 51 |76

100%
90%
80%
70%
60%
50%
40%
30%
20%
10% g

0% 1 L

0% -

TIARA Co-60 Gamma-ray Electron Acc
(96) 193 @D
O Non proprietary & Proprietary
B priority case B Except R&D

Fig. 1 Distribution of classification for FACILITY USE
PROGRAM. The number of theme for each facility is
shown in parentheses.

3. Public Relations

The information, such as an outline of this system,
guidelines for applicants, format of download etc. can be
found on JAEA website as follows:

http://sangaku.jaea.go.jp/3-facility/01-intro/index-02.html.

The “Advanced-research base common use and a
platform formation enterprise”, which is one of the
subsidiary project of Ministry of Education, Culture, Sports,
Science and Technology (MEXT) has been cooperated from
FY2013. This project intends that industrial users promote
shared use of facilities, which accelerates the whole activity
of science technology from basic research to innovation
creation.

An outline of this project can be seen on website as

follows: http://www.taka.jaca.go.jp/innovation/index.html
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“Project for Creation of Research Platforms and Sharing
of Advanced Research Infrastructure” which is subsidized
by the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) has been started in FY2013. The aim
of this project is to promote utilization of irradiation
facilities in Takasaki Advanced Radiation Research Institute
(TARRI) with providing technical support and reasonable
irradiation charges for external users. Four irradiation
facilities having some irradiation sources are applicable to
various commercial purpose (Table 1).

Outline of user support

New users and users who are not familiar to irradiation
facilities frequently face various problems at an early stage
such as operation of equipment, experimental plan,
evaluation of results, schedules and so on. On this project,
we clear these problems and provide technical support for
all irradiation facilities practically. We help users to
prepare samples, operate equipment, and evaluate results.
These services are provided to meet user’s demands.

There are two plans for irradiation on this project. A
trial use is available free of charge to applicants which use
our facilities for the first time. The other is non-proprietary
use. Users of companies and institutes can use our
facilities with the reduction of charge on condition of
opening their experimental reports on website within two

Table 1
Research Infrastructure at TARRI.

years after the project is over. The charge is about 10% of
proprietary-use charge for external users in case of AVF
cyclotron. For example, the engineer who plans to process
the novel materials by irradiation can check the possibility
of processing on the trial use. After the effectiveness of
irradiation is confirmed, investigation under appropriate
conditions might be continued on non-proprietary use.

In FY2014, we will start the new irradiation plan that
applicants can use our facilities confidentially.  The
companies whose targets are research and development of
new materials, electronic devices and biological resources
are expected in this plan.

Public relations

As one of the publicity activities for this project, we
introduced the irradiation facilities of TARRI at some
exhibitions to be held in Japan. In addition, we visited
11 public exhibitions for gathering information about
demands in public companies. As a result of these public
relations, the nine applicants had contacted to this project
and we consulted them about using irradiation facilities.

List of irradiation facilities covered by Project for Creation of Research Platforms and Sharing of Advanced

Irradiation sources

Examples for application by commercial users

TIARA
AVF cyclotron,
3MV tandem accelerator
3MV single-ended accelerator
400kV ion implanter

Ton-beam mutagenesis for plant and microbial
PIXE (particle induced X-ray emission) and PIGE
(particle induced gamma-ray emission) analysis
in the micrometer range

Development of functional materials

Micro processing by proton beam writing
Evaluation of electronic devices under radiation
environment

Electron accelerator

Development of functional polymers
Processing of organic materials

Cobalt-60 gamma-ray irradiation facility

Evaluation of radiation resistance
Sterilization

Positron beam facilities

Detection of voids inside material
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Appendix 2

List of Related Patents
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Appendix 3
List of Related Press-release and Television Broadcasting
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Symbol used in the Appendix 1 to 3

An example of symbol expression is written as following.

4

[y
W
&
|i—t
o
N
=

%
|~

o © © o6 ©

Number of last two orders in fiscal year

® ©

Kind of publication
J  Publication in Journal
C : Publication as Proceedings
NP : Press-Release (Newspaper)
TV : Television Broadcasting
PA: Patent
@ Consecutive numbers for the kind of publication
@-® Paper number
@ Classification number of research field
1: Space, nuclear and energy engineering
2 . Environment conservation and resource exploitation
3 : Medical and biotechnological application
4. Advanced materials, analysis and novel technology
® Consecutive number every research field
® Accelerators or irradiation facilities utilized for the research
: AVF Cyclotron
: 3 MV Tandem Electrostatic Accelerator
1 3 MV Single-ended Electrostatic Accelerator
1 400 kV Ion Implanter
: 2 MV Electron Accelerator

: Co-60 Gamma-ray Irradiation Facilities

O H "= n 3 Q

: Off-line (Research without the utilization of irradiation facilities)
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Appendix 4 Type of Research Collaboration and Facilities Used for Research

Type of Research o T Type of Research o T

Paper Collaboration”! Irradiation Facilites Paper Collaboration”! Irradiation Facilites
No.  [Joint | Entr. [ Coop. [JAEA[ Ext. No.  [Joint [ Entr. | Coop. [TAEA] Ext.

Res. | Res. Resl.) Inter. | Use CIT|S|T|E|G Res. | Res. Resl.) Inter. | Use CIT|S|T|E|G
101 | @ ©|©|0|0 1-48 (J ©|0©
1-02 [ ] ©|©|0|0 1-49 [ ] ©|©
1-03 | @ ©
1-04 o ©|© © 2-01 o ©
1-05 | @ © 2-02 [ ©
1-06 ® |© 2-03 o ©
1-07 | @ © 2-04 ® ©|©
1-08 | @ © 205 | @ ©
1-09 | ® ©|© 2-06 | @ ©
1-10 o ©| 2-07 o ©|0
1-11 ® ©| 208 | ® ©
1-12 o © 2-09 | @ ©
1-13 (J ©
1-14 o ©| 3-01 o ©|0
1-15 ® ©| 3-02 ® ©
1-16 o ©| 3-03 o ©
1-17 (J ©f 3-04 | @ ©
1-18 o ©| 3-05 o © ©
1-19 ® ©| 3-06 | ® ©
1-20 o ©| 3-07 | ® ©
1-21 [ ©f 3-08 | ® ©
1-22 o ©| 3-09 | ® ©
1-23 ® © 3-10 | @ ©
1-24 o ©| 3-11 o ©
1-25 (J ©| 312 | ® ©
1-26 o ©| 3-13 | @ ©
1-27 ® ©| 3-14 | @ ©
1-28 o ©f| 3-15 | @ ©
1-29 [ ] ©]| 3-16 | ® ©
1-30 | @ ©f 3-17 | @ ©
1-31 ® @O0 3-18 ® ©
1-32 [ Q|©|© 3-19 | @ ©|©
1-33 [ ] ©|0|0 3201 @ ©|0
1-34 o ©|©|0 3-21 o ©
1-35 ® @O0 3-22 ® ©
1-36 o ©|O|O 3-23 o ©
1-37 o © 3-24 o ©
1-38 o ©|0|o 3-25 o ©
1-39 ® ©| 3-26 ® ©
1-40 o © 3-27 o ©
1-41 (J © © 3-28 (J ©
1-42 | @ ©| 3-29 o ©
143 | @ ©| 330 | ® ©
1-44 o © 3-31 o ©
1-45 (J ©|©|332]| @ ©
1-46 | @ ©| 333 | @ ©
1-47 | @ © © 3-34 | @ ©
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Type of Research

Irradiation Facilites

Type of Research

Irradiation Facilites

Paper Collaboration”" Paper Collaboration”"
No. i No. i

o | res | Ren imer | vee | €| TS| 1| E|G e | Rex | Ren Jmter | Lo | €| ]S | 1] E|G
3-35 o © 4-20 [ ©
3-36 o © ©] 4-21 o © ©
3-37 ([ © 4-22 o ©
3-38 o © 423 | @ ©
3-39 ([ © 424 | @ ©
340 | @ © 425 | @ © ©|©
341 | @ © 426 | @ ©
3-42 o © ©| 4-27 [ ©
3-43 o © ©| 4-28 o ©
344 | @ © ©| 4-29 [ ©
3-45 ([ © ©| 4-30 ([ ©
3-46 ® o 4-31 ° ©
3-47 o © 432 | @ ©|©
3-48 o ©| 4-33 o ©|0
3-49 ([ © 4-34 o ©|©
3-50 o © ©| 4-35 o ©
3-51 ([ © ©| 4-36 o ©
3-52 o © 4-37 o ©
3-53 ([ © 4-38 o ©
3-54 | @ © 4-39 [ ] ©|©|0

4-40 [ © ©|©

4-01 ® ©|© 4-41 OOL ©
4-02 ®|O 4-42 @OL
4-03 o © 4-43 o ©
4-04 o © 4-44 o © ©
4-05 ®|O 4-45 (] ©
4-06 ®|O © 4-46 o ©
4-07 o © © 4-47 o ©
408 | @ ©|© 448 | @ ©
4-09 o ©|©
410 | @ ©|© 5-01 ©|0|0|0
411 | @ © 5-02 ©
4-12 ([ © 5-03 ©|©|0
4-13 ® © 5-04 ©|0
4-14 ([ © 5-05 ©|©
4-15 o © 5-06 ©|0|0|0
4-16 ([ © 5-07 ©|©|0|0
4-17 | @ © 5-08 ©|0|©|0(©|0
4-18 ] © 5-09 ©| 00|00
4-19 @ ©| Total | 64 | 2 17 1 66 | 11 |74 |37 (35129 (26 |48

" Type of Research Collaboration

Joint Res. : Joint research with external users

Entr. Res. : Research entrusted to JAEA
Coop. Res. : Cooperative research with plural universities
through The University of Tokyo
JAEA Inter. : JAEA internal use
Ext. Use : Common use based on two programs of
"JAEA-facility-use" and "Creation of Research

Platforms and Sharing of Advanced Research
Infrastructure" supported from MEXT

"2 Utilization of Trradiation Facilities
C : AVF Cyclotron

T :3 MV Tandem Electrostatic Accelerator

S : 3 MV Single-ended Electrostatic Accelerator
I:400 kV Ion Implanter

E : 2 MV Electron Accelerator

G : Co-60 Gamma-ray Irradiation Facilities

OL : Off line (Research without the use of irradiation

facilities)

- 216 -




JAEA-Review 2014-050

Appendix 5 Examples of Typical Abbreviation Name for Organizations
in Japan Atomic Energy Agency (JAEA)

@ Directorate, Center, Institute, etc.

QuBS (&7 — 20 T ) : Quantum Beam Science Directorate

NSED (5171 H:8 T 502850 M) : Nuclear Science and Engineering Directorate

FRDD (£t 5072 B 755 F) : Fusion Research and Development Directorate

GIRDD (HJ 2L 553w 72 B %558 FH) « Geological Isolation Research and Development Directorate

ANSRD (KA 7 )3 A7 L0F5EBA 59 ) : Advanced Nuclear System Research and Development
Directorate

NCBD (37 = RHEEESFT) : Nuclear Cycle Backend Directorate

NSRC (Z 25874 —) : Nuclear Safety Research Center

NFCEL (B8 A 27 v T4 927T) : Nuclear Fuel Cycle Engineering Laboratories

NERCC (51 )=/ % — HfgdifE-+ % —) : Nuclear Engineering Research Collaboration Center

NHARC (J5i1 717k 38 - B0 #fF52£ % —) : Nuclear Hydrogen and Heat Application Research Center

J-PARC (J-PARC &> %—): J-PARC Center

TARRI (5% &1 HAFZEFT) : Takasaki Advanced Radiation Research Institute

NSRI (51 B4 92FT) : Nuclear Science Research Institute

ORDC (K¥EAFFERH £ % —) : Oarai Research and Development Center

KPSI (B97E Y FBL=A0FFEFT) : Kansai Photon Science Institute

@ Division, Unit, Department, etc.

B — DERBTIE, BREE - BERR T U — MBI =
= Environment and Industrial Materials Research Division, QuBS, JAEA

- B E— NS, B - S A SR T B AR = > b
= Medical and Biotechnological Application Division, QuBS, JAEA

- B E— LSRRI, & B ARPEERN - S dEs e = > b
= Materials Science Research Division, QuBS, JAEA

C B E— LSRR, V=P IS A EIRIE L = > b
= Laser Application Technology Division, QuBS, JAEA

< JRA TR TSR BREE - B R = B
= Division of Environment and Radiation Sciences, NSED, JAEA

C R EMET NIRRT R - MBS = b
= Division of Fuels and Materials Engineering, NSED, JAEA

T IERETERSEEM, JRTLEa= o b
= Division of Chemistry for Nuclear Engineering, NSED, JAEA

- A IFZE BRI, ITER P2y 7 ha=v k
= ITER Project Unit, FRDD, JAEA
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- R A FIEBHRY . N~ VAT AEATBE = b

= Tokamak System Technology Unit, FRDD, JAEA

- REWIZERIER . Sy EBTBA 7Y =7 ha=y b

= Rokkasho BA Project Unit, FRDD, JAEA

- et AR R v 2 —

= Advanced Science Research Center, JAEA

< R RFRIERT. B R B

= Department of Radiation Protection, NSRI, JAEA

< JRF SRR, RS EIRBR R KRR T — A

= Fukushima Project Team, NSRI, JAEA

- KUEAFZEBFE & > & —. s BRI

= Experimental Fast Reactor Department, ORDC, JAEA

- RUEAFIEBRFE & o & — . f& BB BB

= Fukushima Fuels and Materials Department, ORDC, JAEA

< JRF SRR BRI SR 2 —  OKFEFHIFZEBASE ==k

= Hydrogen Application Research and Development Division, NHARC, JAEA
- R RS T IERT . O ik B A Y R

= Department of Advanced Radiation Technology, TARRI, JAEA

- J-PARC B % — INEEHRT 1 BV 3

= Accelerator Division, J-PARC, JAEA

“JPARC b Z— BET AV a

= Safety Division, J-PARC, JAEA

AR 2 — BOKIF RIS SE = b

= LWR Long-term Reliability Research Unit, NSRC, JAEA

- MU AFZERFE AR, MR AL oy BT ZEPH R~ = » b

= Geological Isolation Research Unit, GIRDD, JAEA

R A 2V TEETRRIT, YA 7 L TR

= Nuclear Cycle Engineering Department, NFCEL, JAEA

c BERER A 7 VTSR, TV R =0 AREHE B v 2 —
= Plutonium Fuel Development Center, NFCEL, JAEA

BN A 2 VTR, LR BR S o 2 —

= Tokai Reprocessing Technology Development Center, NFCEL, JAEA
< BEBREE A 7 VPSR, R S T B AR

= Department of Fukushima Technology Development, NFCEL, JAEA
« WHARIF A1 27 DAFFERATEERM  RBHA BB = = » |
= Fast Reactor Fuels and Materials Technology Development Unit, ANSRD, JAEA
oSy gy RIEER. Sy s =y RERES= v b

= Nuclear Cycle Backend Technology Development Unit, NCBD, JAEA
BB HEE

= Industrial Collaboration Promotion Department, JAEA
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