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National Institutes for Quantum and Radiological Science and Technology

National Institutes for Quantum and Radiological Science and Technology (QST) was
established in April of 2016 by integrating the National Institute of Radiological Sciences (NIRS)
and some institutes promoting quantum beam science research and nuclear fusion research in the
Japan Atomic Energy Agency (JAEA). The QST has three R&D directorates, i.e., Quantum Beam
Science Research Directorate (QuBS), Radiological Science Research and Development Directorate,
and Fusion Energy Research and Development Directorate. In the QuBS, in which two research
institutes of Takasaki Advanced Radiation Research Institute (TARRI) and Kansai Photon Science
Institute (KPSI) are involved, we are intensively performing fundamental and applied research in a
wide range of fields like materials science, life science, and quantum beam technology, using
advanced beam facilities. Every institute has two research sites, i.e., Takasaki and Tokai sites of
TARRI, and Kizu and Harima sites of KPSI. Typical beam facilities we used are Takasaki Ion
Accelerators for Advanced Radiation Application (TIARA) at the Takasaki site, Japan Proton
Accelerator Research Complex (J-PARC) at the Tokai site, Kansai Advanced Relativistic
Engineering Laser System (J-KAREN) at Kizu site, and highly sophisticated beamlines of Super
Photon Ring-8 GeV (SPring-8) at Harima site.

In the TARRI, we have 15 Research Projects making quantum beam science R&Ds with
TIARA, 2 MeV electron accelerator, “Co gamma-ray irradiation facilities, etc., for contributing to
the progress of science and technology as well as the promotion of industry. We are also
performing R&D of advanced ion beam technology at the Beam Engineering Section of the
Department of Advanced Radiation Technology. In addition, our beam facilities are open to
industry, academia, and governmental research institutes, and the beam time is allocated for users
based on the evaluation of their R&D programs.

This Annual Report covers the research activities at the TARRI primarily for the fiscal year
2015 (FY 2015). This report consists of two parts, Part I and Part II. In Part I, the recent
activities of all Research Projects of TARRI are described. Every Research Project has been
steadily promoting its R&D, and several excellent topics were obtained as followings. In the field
of materials science, single photon source (SPS) can be introduced in SiC pn diodes, which were

fabricated by hot-implantation of P or Al ions at 800 °C into p- or n-type epitaxial layer substrates,
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respectively, and subsequent annealing up to 1,800 °C.  Observation of bright electro-luminescence
revealed SPS fabrication with high thermal stability. In the field of life science, identification of a
new gene that controls anthocyanin accumulation in plant seed coats has been succeeded.
By detailed analyses of the mutant, the FF'T promoter activity was detected in the seed-coat layers
that accumulate anthocyanins. The results suggest that the FFT protein acts at vacuolar membrane
and is essential for anthocyanin accumulation in vacuoles of the plant seed coat cells. In the field
of advanced quantum-beam technology, an adsorbent for extraction chromatography was analyzed
by particle induced X-ray emission combined with computer tomography (PIXE-CT). Cross
sectional distributions of residual Nd can be non-destructively analyzed with spatial resolution of
several pm.

Part II describes the recent R&D results obtained by using quantum beam facilities of the
TARRI. This part is composed of 154 research papers in the fields of materials science, life
science, and advanced quantum beam technology, and 8 status reports on operation/ maintenance of
the quantum beam facilities. Typical topics are described below.

In the field of materials science, the intensive studies have been conducted for radiation effects
in electronic components used in space. R&D of radiation effects focusing on radiation damages
and tolerance has been continued for developing semiconductor devices such as SiC Schottky
barrier diodes and high electron mobility transistors, GaAs and GaN based solar cells, and
quantum-well-based hall sensors in connection with their application to artificial satellites and space
crafts. The radiation induced structural changes, which relate to radiation damages and tolerance,
in metallic materials such as steels and Ni alloys, have been intensively investigated as R&D of
nuclear fission technology. Similar R&D has been also conducted for nuclear fusion materials like
hydrogen isotope-W and SiC fibers, and for J-PARC components such as charge stripper foils and
rotation target. Concerning nano/micro fabrication using quantum beams, new functional devices
like SPS have been successfully obtained by ion or electron irradiation to wide bandgap
semiconductors like SiC. The new architectures of inorganic and organic materials in the scale
ranges from nano- to micro-meters have also been fabricated; i.e., Cu nano-corns and near-perfect
optical absorbers were developed using ion track etching technique, fuel cell catalysts and
membranes were fabricated by metal implantation and ion beam-induced grafting, and hydrogel
nanowires were created by proton-beam-writing (PBW). In addition, gamma-ray and electron
beam induced graft-polymerization techniques have widely been studied for functional polymer
fabrics and membranes; the formers were applied to fibrous catalyst for bio-diesel fuels and
antivirus materials, and the latters were applied to proton-exchange membranes to concentrate HI in
the IS process, gas separation membranes, and anion exchange membranes for platinum free fuel

cells. Ion implantation into carbon ceramic and silica glass materials is also utilized to develop
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new catalysts with high oxygen reduction activity for fuel cells and magnetic/optical materials.
Regarding R&D for decommission of Fukushima power plants, practically available results were
obtained for evaluation of radiolytic hydrogen generation and radiation resistance for inorganic
absorbents in Advanced Liquid Processing System (ALPS) wastes. The radiation resistance of
semiconductor devices used for decommission was also evaluated. The new analytical method
using PIXE was adopted for low level radioactive wastes.

In the field of life science, radiation-induced bystander effects between human normal and
cancer cells were examined. The cells for irradiation were inoculated in a co-culture insert and
irradiated with ®®Co gamma-rays. Thereafter, irradiated and non-irradiated cells were co-cultured
for 24 hours, and the extent of bystander effects were examined with colony formation assay
without reseeding non-irradiated bystander cells. The result indicates that the bystander cell-killing
effect was not induced between different type cells in these experimental conditions. 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 applied to
investigation of the effects of wakosil (silica gel as a model of PM2.5) and nicotine in lung
microvascular endothelial cells, analysis of intracellular boron distribution of cultured cells, analysis
of multiple myeloma cell line, fluoride varnish remaining after physical stress for tooth,
protamine-hyaluronic acid particles as a drug delivery system utilizing radiotherapy, and so on.
Radionuclides produced by charged particles or accelerator neutrons have great potential for medical
applications. As a new approach for Positron Emission Tomography (PET) imaging of cancer
with **Cu ions, the specific cellular uptake of “*Cu ions was evaluated using several kinds of cancer,
such as human glioblastoma, human colon adenocarcinoma, and human cholangiocarcinoma.
Higher radioisotope production rates of ’Cu and *°Y were achieved by the Be(d,n) reaction and 50
MeV deuterons increased by 10 MeV from 40 MeV. Radiotracer imaging technologies elucidated
the effects of glutathione on cadmium translocation in Oilseed rape plants, and patterns of root
secretions of organic substances in soybean seeds, using a positron-emitting tracer imaging system
(PETIS) and radioisotopes of '”’Cd and ""CO,. In medical imaging, noninvasive beam monitoring
method by measuring secondary electron bremsstrahlung (SEB) is being developed to control
dosages in particle beam therapies. In particular, a development of Cherenkov light imaging
technique featured the latest breakthroughs in spatial resolution of the radiotracer imaging for life
science studies. The ion beam breeding technology has been continuously applied to generate
valuable plants and microorganisms. Remarkably, under the international cooperation of the
Forum for Nuclear Cooperation in Asia (FNCA), the project “Mutation Breeding of Rice for
Sustainable Agriculture” has been conducted and some attractive rice mutant candidates were

reported from several countries such as Bangladesh, Vietnam and Malaysia.
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As for the advanced quantum beam technology, neutron energy spectra of keV region in the
high energy quasi-monoenergetic neutron field at TIARA were obtained for the first time using
single pulse beams. A roll-to-roll irradiation system was developed for continuous irradiation of
long polymer membranes with a horizontally-elongated (ribbon-shaped) heavy ion beam formed by
octupole magnetic field. = Fundamental and applicational researches of cluster ion beam
systematically proceeded on modification of semiconductor surface or magnetic property of FeRh
films, development of nano-organic materials, emission of secondary ions from organic or inorganic
materials, as well as experimental and theoretical investigation of interaction between cluster ions
and matters.  Analyses of various materials were performed using PIXE/PIGE and ion
beam-induced luminescence (IBIL) with an ion microbeam, Rutherford backscattering spectrometry
(RBS) and elastic recoil detection (ERD) with a usual ion beams, and electron spin resonance
(ESR): the micro-PIXE-CT was applied to measurement of 3D distribution of cesium in clay
particles. Evaluation of epitaxial quality was examined by means of RBS-channeling method.
ESR was used to estimate sediment provenance in Toki Gravel Formation. Developments of
practical technology were also in progress with regard to active magnetic field stabilization by PID
(proportional-integral-derivative) control of the magnet coil current based on the measured magnetic
field strength for more stable microbeam utilization and phosphor screen monitor for real-time
tuning of the large-area 2D fluence distribution at the cyclotron, and a negative-Cg 1on source for
higher intensity at the tandem accelerator.

Concerning the status of quantum beam facilities, four 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 *Co gamma-ray irradiation facilities in
FY2015, whereas the electron accelerator had machine troubles due to its aged deterioration.  Since
a lot of time was needed for repairing troubles in the electron accelerator, its operation time in
FY2015 decreased to 80% of that in the normal operation case. Total operation times of the
cyclotron, the tandem accelerator, the single-ended accelerator and the ion implanter were 78,164,
44,648, 51,175 and 39,627 hours, respectively, which were counted from their first operation, i.e.,
1991 for the cyclotron and the tandem, and 1993 for the single-ended and the ion implanter.
The total number of experiments made by various users using the AVF cyclotron was 11,354 from
the first beam extraction in 1991 to March 2016, as a result of continuous efforts such as regular
maintenance and troubleshooting.

Finally, we extend gratitude to both our domestic and foreign colleagues for their cooperation,
support, and encouragement for our quantum beam science R&Ds as well as technological advance
in the facilities of TARRL
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Charged particle beams and RI facilities

Takasaki lon Accelerators for Advanced Radiation Application (TIARA) consisting of four ion accelerators,
an electron accelerator, and gamma irradiation facilities are available to researchers in QST and other
organizations for R&D activities on new functional and environmentally friendly materials, biotechnology,
radiation effects of materials, and quantum beam analysis. We are developing microbeams, single ion hits and
uniform wide-area irradiation technique at the cyclotron. In addition, technical developments of three
dimensional in-air PIXE analysis and production/acceleration of cluster ion beam such as Cg fullerene at the
electrostatic accelerators are in progress.

Takasaki lon Accelerators for Advanced Radiation Application: TIARA
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Cobalt-60 gamma-ray and electron beam irradiation facilities

Specification Apr.2016
- Cobalt-60 Number
Name of facility activity(PBq) of r0oms Purpose
Radiation-resistance test
Co No.1 bld. 10.4 3 Radiation effects on polymers
R & D on functional organic materials,
Co No.2 bld. 10.8 3 dosimetry
Food Irrad. 37 2 Radiatior) effects on biological substance
and semiconductors
(. J
( N
Dose-rate range Unit : kGy/h
Nameofroom | 10* 10° 10> 10" 10”10 10 10 10" 10°
Co No.2 I:":‘I
Co No.7 |:|7:'
Food No.1 [ l 1
[
EB accel. M
J
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Project “Functional Polymer Research” has been
developing the functional polymer materials for high
performance fuel cells and hydrogen collection systems by
using quantum beams such as electron beams, y-rays and
ion beams. We have synthesized the proton- and anion-
conducting electrolyte membranes (PEM and AEM) and
the hydrogen permselective membranes. We report herein
two recent developments: poly(ether ether keton) (PEEK)-
based PEMs and poly(ethylene-co-tetrafluoroethylene)
(ETFE)-based AEMs for hydrogen- and alkaline hydrated
hydrazine-fuel cells applied in automobiles. {1-21~22 in
Part 11}

PEEK-based PEMs for high conducting under various
humidified conditions [1]

Recent main concerns for PEMs are higher proton
conductivity at low relative humidity (RH) and superior
mechanical properties under humid conditions because
these properties affect the power generation efficiency
and the durability under extreme operating conditions in
fuel cell systems.

In order to break through the trade-off relationship
between the conductivity and mechanical properties, we
had selected PEEK as a base film that possesses the
highest mechanical and thermal properties among super
engineering plastics. PEEK-based PEMs were prepared
via a three-step process [2]. The prepared PEEK-PEMs
with ion exchange capacities (IECs) > 3.08 mmol/g
exhibited similar conductivity (9 mS/cm) under 30% RH
and showed 1.4 times higher tensile strength (14 MPa)
under 100% RH at 80 °C, compared with those of
Nafion212. The membrane/ electrolyte assembly (MEA)
fabricated by using the PEEK-PEM with IEC = 2.45
mmol/g showed a maximum power densities (Emax) of
860 and 826 mW/cm’ at 2140 and 2180 mA/cm® under
100% and 30% RH, respectively, as shown in Fig. 1. The
PEEK-PEM showed low RH dependence of Emax; as a
result, at 30% RH, the PEEK-PEM exhibited 2.5 times
higher Emax than that of Nafion212. Based on X-ray
scattering analyses, the crystallinity of ca. 28-32% were
maintained in the PEEK- PEMs even after the graft-
polymerization. Therefore, it was found that the higher
conductivity and tensile strengths compared with Nafion
resulted from the unique structure in the PEEK-PEM.

Development of the 4-vinylimidazolium/St-co-grafted
AEMs {1-22}

In the previous study, we reported the properties of
AEMs prepared by radiation-induced grafting of N-
vinylimidazole into ETFE films, and followed by N-
alkylation with methyl iodide. The prepared AEMs (NVIm-
AEM) degraded via rapid B-elimination at the initial period
and slow hydrolytic ring opening reaction of the
imidazolium unit at the later period [3].

To prevent the B-elimination and the ring opening
reaction we newly synthesized the ETFE-based AEM with
the graft chains consisting of 2-metyl-N-methyl-4-
vinylimidazole (2Me-NMe-4Vim) and styrene (St). The
prepared 2Me-NMe-4Vim/St-AEM with 1.74 mmol/g of IEC
exhibited the conductivity of 157 mS/cm and the water
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uptake of 86%. Figure 2 shows the alkaline stability of
AEMs in 1M KOH aqueous solution at 80 °C. The
conductivity of NVIm-AEM decreased with increasing
immersion time and reached almost 0 mS/cm after 100 h,
while 2Me-NMe-4Vim/St-AEM showed the conductivity of
104 mS/cm after 86 h. Thus, the decrease in the
conductivity at the initial period was effectively suppressed
by the shift of vinyl substituent from 1- to 4-positon of the
imidazolium ring and by the copolymerization with
hydrophobic styrene. On the other hand, the ring opening
reaction inducing the decreases in the conductivity at the
later period was avoided by the methyl-protection at 2-
position of the imidazolium ring. Accordingly, the 2Me-
NMe-4Vim/St-AEM processed excellent initial and long
term alkaline stabilities.
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We have been developing catalytic materials for next-
generation energy devices such as secondary batteries
and fuel cells by effective use of ion beams, electron
beams and y-rays. The advantage of our overarching
research strategy is that these quantum beams can lead
to high-energy defect creation, active-site formation via
non-equilibrium chemical reactions, and micro-to-nano
fabrication, which have a great potential to facilitate the
development of novel functional materials through
innovative interdisciplinary methodologies. This report
deals with applications of the charged-particle beams to
nanomaterials science for oxygen reduction reactions
(ORR) in rechargeable metal-air batteries and polymer
electrolyte fuel cells (PEFCs). {1-13~19, 1-23~25, 1-
28~30, 3-12in Part II}

Preparation of non- and low-platinum electrocatalysts
by irradiation with keV-ion and electron beams {1-14,
1-25, 1-30, 1-28~29}

Non- or low-platinum (Pt) ORR electrocatalysts are
needed to lower the device cost. Quite recently, we have
reported ion-implanted phosphorus- or boron-doped
silicon nanoparticles (NPs) and heterostructured silicon
carbide nanotubes [1, 2], confirming high controllability of
impurity doping and defect formation. Therefore, our
advanced methods using low-energy keV ions as well as
electron beams were pursued for preparation of carbon-
based non-Pt catalysts and highly-active Pt NPs.

Nitrogen-doped (N-doped) carbon materials are
expected as Pt alternatives, and however there have been
so far no established methods to introduce N atoms into
graphene structures. Thus, N doping in carbon-based
catalysts has been attempted by electron beam irradiation
in ammonia or pulsed laser deposition in Na. Implantation
of 100 keV N* was also considered in order to clarify the
ORR mechanism and involved active sites.

Additionally, we found that the Pt NPs supported on a
glassy carbon (GC) substrate pre-irradiated with 380 keV
Ar" exhibited strong electronic interactions with carbon
atoms at the interface (Fig. 1) [3]. These unique
interactions originating from the ion-beam-induced lattice
defects could affect the ORR activity of the Pt NPs by
tuning their electronic structures. X-ray absorption fine
structure (XAFS) measurements in combination with
theoretical calculations are now in progress to examine
the local interfacial structures.

This work was partly performed under the RIKEN-NIMS
-JAEA-QST Cooperative Research Program on Quantum
Beam Science and Technology.

New nano-sized materials prepared by swift-heavy-ion
technology and their high applicability {1-13~14, 1-24}

An MeV-GeV heavy-ion beam gives one-dimensional
polymer nanostructures through its high energy deposition
within a limited cylindrical area along the path, i.e., an ion
track. Crosslinking reactions occur in the ion track,
yielding a nanowire by subsequent development to
remove the non-crosslinked parts, while degradation
reactions occur to afford a straight nanopore after
preferential dissolution of the ion track. We prepared a

P1-2 Advanced Catalyst Research Project
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e, l\
variety of new nanomaterials for PEFC applications [4],
ion-conductive membranes and catalytic systems, using
these characteristic nanostructures.

We fabricated polymer/metal-NP hybrid nanowires with
extremely high specific surface area for electrocatalysts
[5]. Polyvinylpyrrolidone (PVP), known as capping agent
of metal NPs, was chosen as a base material. The PVP
films containing hexachloroplatinic acid (H2PtCls) were
bombarded with 490 MeV '%“Os. Interestingly, each of the
ion tracks underwent not only the PVP crosslinking but
also the reduction of Pt ions. The radius of the nanowires
and the number density of Pt NPs were controlled by the
H2PtCls concentration (Fig. 2).

Stacked 25-um thick polyethylene terephthalate (PET)
films were irradiated with 250 MeV *’Ar. The lowermost
film, inside which the bombarding ions were found to stop,
was etched chemically to prepare an ion-track membrane
with non-penetrating conical pores. A combination of
plasma sputter deposition and electroplating provided Pt
nanocones with a base diameter of 330 nm and a height
of 2.5 ym.

References
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[2] T. Taguchi et al., Carbon, 95, 279 (2015).
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Fig. 1. Pt 4f X-ray photoelectron spectra of (a) the Pt NPs on the

GC substrate pre-irradiated with 380 keV Ar” at a fluence of 1.0x
10" ions/cm? (solid line) and (b) the standard Pt foil (dashed line).

Fig. 2. Atomic force microscopy images of (a) PVP and (b—c)
PVP/Pt-NPs nanowires. The PVP/H,PtCls precursor fiims were
prepared from the solution containing (b) 0.125 or (c) 0.375 wt%
HthCleGHgO
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P1-3 Positron Nano-Science Research Project b I

Spintronics is promising to go beyond traditional
electronics. The aim of our research is to reveal detailed
characteristics of spintronics materials using spin-
polarized positron beam. We are currently investigating
the band structure of half-metals, vacancy-induced
ferromagnetism in semiconductors, current-induced spin
polarization (CISP) at metal surfaces and so on. We are
also developing the further new technique such as spin-
polarized positronium time-of-flight method to obtain spin-
polarized density of states associated with metal surfaces.

Vacancy-induced ferromagnetism of ZnO

Various metal-oxides and metal-carbides show
ferromagnetism depending on crystal growth condition,
heat treatment and particle bombardment even though
those are not ferromagnets originally. Defects are thought
to be one reason for such ferromagnetism. That is, both
anion and cation vacancies, interstitials and some strains
can be the sources of ferromagnetism. Previous positron
annihilation  studies combined with magnetization
measurement suggest that cation vacancies give rise to
ferromagnetism in ZnO and SnO; [1]. However, simple
comparison of ordinary positron annihilation spectroscopy
and magnetization measurement provides an indirect
evidence that vacancies are the source for
ferromagnetism. In light of this, detection of magnetic
moments at vacancies using spin-polarized positron
annihilation spectroscopy will be a direct evidence of
vacancy-induced ferromagnetism. In this study, we apply
this method to ion-irradiated ZnO.

Samples used in this study are hydro-thermally grown
Zn0O(0001) single crystals. To improve crystallinity, these
are subjected to heat treatment at 1,200 °C in air.
Subsequently, these are irradiated with 100 keV oxygen

ions up to a dose of 5x 10" ions/cm? at room temperature.

Magnetization measurements are carried out using a
superconducting quantum interference device (SQUID)
apparatus. The Doppler broadening of annihilation
radiation (DBAR) measurements are performed at room
temperature in magnetic fields (£1 Tesla). The obtained
experimental data are compared with the first principles
calculation.

Figure 1 shows, magnetization curves obtained before
and after oxygen-irradiation, and after post-irradiation
annealing. For the unirradiated state, no magnetism is
found. After oxygen irradiation, a clear ferromagnetic
behaviour appears. Furthermore, the ferromagnetism
disappears by annealing below 1,200 °C. The above
results manifest that ferromagnetism is induced by oxygen
irradiation and it disappears with the recovery of
irradiation-induced damage by heat treatment.

Figure 2 shows the differential Doppler broadening of
annihilation radiation spectra obtained for unirradiated and
oxygen-irradiated ZnO single crystals in positive and
negative magnetic fields. For the unirradiated state, no
apparent difference is found upon field reversal. After
oxygen irradiation, a clear difference appears upon field
reversal. After oxygen irradiation, most positrons are
found to be trapped by vacancy defects. The solid line
drawn in Fig. 2 is theoretical DBAR curve for electrically
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neutral zinc vacancies. Three unpaired electrons involved
in a neutral zinc vacancy cause the filed reversal effect.
Agreement between experiment and theory is good
suggesting that zinc vacancies are responsible for the
ferromagnetism. To our knowledge, this is the first direct
evidence that vacancy-induced ferromagnetism in ZnO [2].

References
[1] A. Sarkar et al., RSC Adv. 5 1148-52 (2015).
[2] M. Maekawa et al., to be published.
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P1-4 Semiconductor Analysis and Radiation Effects Research Project

Technologies based on quantum effects, i.e. quantum
computation, quantum information and quantum sensing,
are expected for our life to be more comfortable, safer and
more secure. In order to realize those technologies, single
photon sources (SPSs) operating with robust and steady
are indispensable. We study defect engineering using ion
and electron beams for the creation of SPSs in wide
bandgap semiconductors such as diamond and silicon
carbide (SiC). Besides, when semiconductor devices are
irradiated with radiations such as ion, electrons and
gamma-rays, degradation and malfunctions occur in
devices. We also study radiation response of
semiconductor devices to reveal the radiation
degradation/malfunction mechanisms and in addition,
establish radiation resistant technologies for development
of long lifetime and highly reliable semiconductor devices
that can be used in high radiation environments such as
space, nuclear and accelerator facilities. {1-01~1-06, 1-09,
1-11, 1-26 in Part II}

Bright SPSs with high thermal stability found in SiC
diodes

SiC is regarded as a promising candidate to host SPSs
for quantum spintronics, quantum photonics and quantum
sensing applications. For example, the silicon vacancy
(Vsi), divacancy (VsiVc), and carbon antisite carbon
vacancy (CsiVc) defects are known to act as SPSs, and
their luminescence properties can be controlled at room
temperature (RT) [1-4]. In addition, we found a new SPS
in SiC pn diodes [5]. The pn diodes were fabricated on
either n or p-type epitaxial layer hexagonal (4H) SiC
substrates. Phosphorus and aluminium ion implantation at
800 °C followed by subsequent annealing at temperatures
up to 1,800 °C was carried out to form n and p type
regions, respectively. Figure 1 shows an electro-
luminescence (EL) mapping image obtained from the
edge of an electrode for a SiC pn diode by a confocal
fluorescence microscope (CFM). During the CFM
measurement, the forward bias above 3.1 V was applied
to the diode. A bright EL spot is observed in the figure.
The EL spot was confirmed to be a SPS by auto-
correlation function measurements at RT. Thus, the EL
spot exhibited anti-bunching characteristics. Since
annealing at 1,800 °C was carried out to the diode during
fabrication process, it can be concluded that the SPS
obtained in this study has very high thermal stability.

Gamma-ray radiation response of SiC metal-oxide-
semiconductor field effect transistors (MOSFETSs) in
high dose region

Recently, demand on electronic devices used in harsh
radiation environments, such as nuclear and accelerator
facilities, increases. For example, electronic devices with
extremely high radiation resistance (MGy order) are
required for decommissioning of Tokyo electric power
Fukushima Daiichi nuclear power station. SiC is regarded
as a promising candidate material for high radiation
resistant electronics as well as power devices with
outstanding excellent characteristics. In this study,
radiation response of vertical structure power 4H SiC

Leader: Takeshi Ohshima
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MOSFETs was investigated [6]. The MOSFETs were
irradiated with gamma-rays up to 5.8 MGy(SiO3) at a dose
rate of 3.6 kGy(SiO2)/h in N2 atmosphere either at RT or
150 °C. Figure 2 shows the change in threshold voltage
(Vr) for the MOSFETSs due to irradiation. The values of V7
were estimated from the value at the intersection between
the gate voltage (Vg)-axis and the line extrapolated from
the curve of the square root of drain current vs. Vg in the
saturation region. The shift of V1 due to irradiation was
suppressed by irradiation at elevated temperature
(150 °C). No significant change or slight recovery in Vr for
the MOSFETs irradiated at 150 °C was observed above
1 MGy although the value of Vt for MOSFETSs irradiated
at RT decreases with increasing dose. This suggests that
the degradation of SiC MOSFETs can be suppressed by
irradiation at elevated temperature.
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Electrode

Fig. 1. EL mapping image (100 pm X 100 pm) obtained from the
edge of an electrode for a SiC pn diode at RT by a CFM. An EL
spot is observed in the center of the red circle.
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Fig. 2. Change in Vi for SiC MOSFETs due to irradiation.
Squares and circles indicate the results obtained for MOSFETs
irradiated at 150 °C and RT, respectively.
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The research objective of Project “Biocompatible
Materials Research” is to investigate the functional
materials in the medical field using natural polymers
based on the radiation-induced crosslinking and
polymerization techniques. The obtained materials are not
only environment-friendly but also can be utilized for the
advanced cancer therapy and bio-devices. {1-69~70 in
Part II}

Effect of heavy ion irradiation on optical property of
radiation-crosslinked polymer gel dosimeter

In recent years, the radiation therapy techniques have
progressed remarkably. In the advanced therapy such as
heavy ion radiotherapy, dose can be effectively delivered
to a cancer tissue while preserving a surrounding normal
tissue. So an evaluation of dose distribution becomes
more important for the heavy ion radiotherapy. It is
necessary to investigate the sensitivity of dosimeters
depending on LET (linear energy transfer) and dose rate
of incident ions for utilization to the radiation therapy.

The polymer gel dosimeters that consist of 2-
hydroxyethyl methacrylate, polyethylene glycol
dimethacrylate, and tetrakis(hydroxymethyl)phosphonium
chloride with radiation-crosslinked hydroxypropyl cellulose
gel matrix were prepared by the immersion method [1].
The dosimeters were irradiated with 150 MeV/u He ions,
290 MeV/u C ions, and 500 MeV/u Fe ions at HIMAC
facility. The LET values of He, C, and Fe ions were 2.2, 13,
and 182 eV/nm, respectively, as a result of calculation by
using SRIM code. The dosimeters were optically analyzed
by using a UV-Vis spectrophotometer before and after the
irradiation. Absorbance of the irradiated dosimeters
increased with an increase in the dose up to 10 Gy as
shown in Fig. 1. The absorbance at the dose of 5 Gy
decreased with increasing dose rate in all used heavy ions.
The dosimeter exhibited the lowest dose response of the
absorbance for Fe ion irradiation. It was found that the
sensitivity of the dosimeter decreased with increasing
dose rate as well as LET values of the incident heavy ions.

Crosslinking of polysaccharides in room temperature
ionic liquids by ionizing radiation {1-70}

Natural polysaccharides are recognized to be the most
promising materials because of outstanding properties
such as high biocompatibility and biodegradability, and
procurability from animals and plants on the Earth. Most
polysaccharides are, however, radiation degradation type
polymers and have poor solubility in water and organic
solvents as well as low chemical reactivity. These
limitations could be circumvented by use of specific
solvents such as RTILs (room temperature ionic liquids).
Carboxylate-based RTILs, in particular, have high proton-
accepting ability and can cleave the hydrogen bonds
between polysaccharide main chains to form solution in
the concentration range of 0.1-20 wt.%.

Hydrogels of polysaccharides were obtained in RTILs by
ionizing radiation under humid condition and their
crosslinking structure was investigated by the scavenging
method, X-ray photoelectron spectroscopy (XPS) and
fluorescent analysis [2]. Radiation chemical yields of
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hydroxyl radicals from dissolved water molecule inducing
the crosslinking of cellulose were estimated by the
scavenging method with phenol, and increased with water
content in 1-ethyl-3-methylimidazolium acetate (EMI-
acetate). Expected elements of carbon and oxygen were
detected in neat cellulose by XPS, while additional
nitrogen was detected in the radiation-crosslinked
cellulose gel produced in EMIl-acetate. Cellulose gel was
also produced in fluorescent RTILs, 1,3-dibutylimidazolium
acetate (DBIl-acetate). Light emission of DBI-acetate in the
cellulose gel was observed and 20-nm red shifted at a
maximum wavelength of 415 nm when excited at 323 nm.
These results indicate that RTILs is incorporated in the
cellulose gel. Chitin gel was first obtained in 1-butyl-3-
methyimidazolium chloride by y-ray irradiations, and its gel
fraction increased with the dose and reached 86% at
60 kGy as shown in Fig. 2.
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100 — T T T
~ 80
S
g o
g
& 40
©
© 20
L | L | L 1 L | L
08’ 20 40 60 80 100
Dose (kGy)
Fig. 2. Gel fraction of 10 wt.% chitin in 1-butyl-3-methyl-

imidazolium chloride with water content of 17 wt.% at 298 K as
function of absorbed dose.



P1-6 Environmental Polymer Research Project

The research objective of Environmental Polymer
Research Project is to develop functional materials for
especially environmental preservation by radiation
induced graft polymerization techniques such as electron
beams and y-rays. Fibrous metal adsorbents obtained by
this technique can be used for the recovery of rare metals
because their adsorption performances are superior to
commercial granular resins. {1-71~76 in Part 11}

Modification of porous PTFE filters with highly
hydrophilic  properties by radiation grafting
techniques {1-76}

The porous polytetrafluoroethylene (PTFE) filters can be
used in a harsh condition such as high temperature and
strong chemical environment due to their excellently
thermal and chemical stability. To develop a high-
performance filter which can be used in an aqueous
separation, we tried to modify the porous PTFE filter with
highly hydrophilic properties by radiation grafting
techniques. For this purpose, three hydrophilic vinyl
monomers, styrene sulfonic acid sodium (SSS), acrylic
acid (AA), N-vinylpyrrolidone (NVP), along with a
crosslinker, ethylene glycol dimethacrylate (1G), were
used for the grafting on the porous PTFE filters. The co-
grafting of AA and SSS in aqueous solution using the pre-
irradiation grafting methods showed a low grafting yield of
13.3% as well as a low water uptake of 15.8%. Such a low
grafting yield cannot give the filter adequate hydrophilic
properties. On the contrary, by addition of a small amount
of 1G, the grafting yield increased to 38.6% under the
same grafting conditions. The latter modified filters
showed a high water uptake of 24.9%. Furthermore, as
shown in Fig. 1, the water contact angle of the PTFE filter
largely decreased from 135° to 62°, indicating that the
surface of PTFE filter after grafting were hydrophilic.
On the contrary, the high grafting yield (> 100%) was
obtained by simultaneous grafting of the above-mentioned
monomers using the y-ray and UV as the irradiation
sources. These results were very useful for the designing
and preparation of the hydrophilic filters in the future
works.

,!:;I : (@)
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Fig. 1. Contact angle of the PTFE filter before (a) and after (b)
hydrophilic monomer grafting.

A new eco-modification method for introducing of
functional groups {1-72}

A large amount of arsenic waste solution, which was
dissolved in neutral aqueous media, was generated from
the manufacturing process of gallium arsenide component

Leader : Noriaki Seko

© -~

AY\./

in semiconductor industry. As for arsenic

removal, an adsorbent was developed by radiation
grafting and its subsequent chemical modification with N-
methyl-D-glucamine (NMDG) as a functional group.
Furthermore, the grafting and the modification were
carried out using water based solvent instead of organic
solvent in view of an environmental emission and a
working environment. The solvents were comprised of
water and surfactant (Tw20), and the adsorption
performances compared with a conventional method
synthesized in 1,4-dioxane (Diox) of organic solvent. An
optimal degree of grafting (D.g.) was around 200%
because the grafted adsorbent with highly D.g. was
sustained physical damages. From the pH dependency
studies, the developed grafted adsorbent gave high
removal ratio in a neutral media area for both arsenic
species. Breakthrough capacities in the column mode
tests for arsenic(lll) and arsenic(V) were 0.3 and 18 mg/g
at pH 6.5, respectively. To know the effect of pH on
arsenic adsorption, Tw20-adsorbent and Diox-adsorbent
were evaluated in 1 ppm solution for 2 h in the pH range
from 2 to 11. The results of both arsenic(lll) and
arsenic(V) adsorption were shown in Fig. 2. Though
neither adsorbent adsorbed for arsenic(lll) in the acidic
range less than pH 3, they showed high affinity in the
neutral pH range from pH 5 to 10. The best adsorption
performance for arsenic(lll) was appeared at pH 10.
Comparing Tw20-adsorbent and Diox-adsorbent about the
adsorption performance, Tw20-adsorbent adsorbed
1.6-1.8 times as much as Diox-adsorbent in the neutral
range [1]. As for arsenic(V) adsorption, both Tw20-
adsorbent and Diox-adsorbent had similar tendency at pH
range from 4 to 9. As a result, the amount of adsorptions
for arsenic(lll) and arsenic(V) at pH 6.5 were 3.2 times
and 2.1 times higher than our previous fibrous
adsorbent [2].
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P1-7 Element Separation and Analysis Research Project

Quantum beams are versatile sources for materials
processing. Our project explores basic process of the
laser-matter interaction to separate elements from
radioactive waste, and performs synthesis of novel
nanomaterials by ion or electron irradiation. For element
separation, we study coherent quantum control of
molecules or atoms by taking advantage of coherence or
monochromaticity of laser light. For materials synthesis,
newly structured multi-walled carbon nanotubes inside
silicon carbide nanotubes have been found. The recent
results of our project are introduced as follows.

Quantum control of physical and chemical processes
Quantum control has many applications such as
chemical reactions, element separation, molecular
alignment, and quantum computation. Here we outline our
recent study on quantum control of ozone isomerization
from the open isomer to the cyclic counterpart. In many
theoretical studies cyclic ozone was predicted to be at a
local minimum of potential surface, but it has never been
detected in the gas phase to date probably because the
energy of cyclic isomer is considerably higher than the
dissociation limit to the oxygen molecule and atom. We
have been working on optimal-control-theory (OCT)
calculations aiming at obtaining optimal electric fields that
can realize the ozone open-cyclic isomerization at high
efficiency. Using a one-dimensional three-state model
shown in Fig. 1(a), we carried out OCT calculations and
obtained the final yield of 0.950. Figures 1(b) and 1(c)
show the optimized electric field and its spectrum,
respectively. In the first half of the optimal field (Fig. 1(b))
the field oscillation is quite high, corresponding to the
electronic transition between the ground and first excited
states (V11 and V22). In the last half the oscillation is much
lower, corresponding to vibrational transitions on V2. The
spectrum (Fig. 1(c)) shows that there are two distinct
frequency regions; frequencies around 0.15 a.u.
correspond to the electronic transition and lower
frequencies correspond to the vibrational transitions. We
thus theoretically obtained an optimal electric field that
enables the ozone open-cyclic isomerization at a nearly
perfect efficiency. The present example strongly suggests
that quantum control can serve as potentially a powerful
tool to efficiently realize a desired control with a new
technique way beyond conventional approaches [1].

Synthesis of heterostructured SiC nanotubes and
new-structured multi-walled carbon nanotubes inside
SiC nanotubes by ion irradiation {1-30 in Part I}
Amorphous  SiC  nanotubes were  successfully
synthesized for the first time by the irradiation of
polycrystalline SiC nanotubes with 340 keV Si* ions. A
polycrystalline/ amorphous heterostructured SiC nanotube,
in which polycrystalline SiC and amorphous SiC coexist in
the same nanotube, was also synthesized by ion
irradiation with a mask in front of the polycrystalline SiC
nanotube. According to evaluation by electron energy loss
spectroscopy, the plasmon energies of the SiC nanotube
change rapidly at the interface between the polycrystalline
and amorphous regions. The volume swelling induced by
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amorphization, as evaluated from the differences in
plasmon energies, is approximately 5.0%. This result
reveals that more relaxed amorphous SiC nanotubes with
higher densities can be produced. Figure 2 shows the
typical TEM image and selected area electron diffraction
(SAED) patterns of the irradiated C-SiC coaxial nanotube.
The graphitic shells in the carbon layer of C-SiC
nanotubes are found to gradually bend to align with the
radial directions of the nanotubes by ion irradiation. Since
graphite (002) spots in the SAED pattern are clearly
observed even after ion irradiation, the carbon layer in the
C-SiC nanotube maintains crystallinity (Fig. 2 (b)). From
these results, a new multi-walled carbon nanotube with
graphitic shells completely parallel to the radial direction of
the nanotube is also produced inside the amorphous SiC
tubular layer, in the case of large-calibre C-SiC nanotubes
[2].
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Fig. 2. (a) Low-magnification TEM image and SAED patterns,
and (b) high-resolution TEM image of new structured multi-walled
carbon nanotube inside SiC nanotube.
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P2-1

The long-term objectives of our project is to develop
applications of quantum beam technology in a wide range
of applied biological fields including sustainable agriculture
and environmental conservation through creating valuable
genetic resources of plants and microorganisms. For this
purpose, we have been trying to establish efficient ion-
beam mutagenesis techniques as well as to generate new
plants and microbes by ion-beam under collaboration with
academic or industrial research organizations. {2-20~22,
2-27~29 in Part II}. Detailed analyses of obtained mutants
in model organisms such as yeast, Arabidopsis, and rice
shed light on a mechanism of mutagenesis and enable to
identify a novel gene linked to an important biological
function {2-19, 2-25~26, 2-31}. Understanding of
molecular biological basis of radio resistance in wide
range of radio resistant organisms is another major
interest in our project {2-30}.

Identification of a new gene that controls anthocyanin
accumulation in plant seed coats

Anthocyanins, polyphenol compounds of plant pigments,
contribute to determine colors of flowers, fruits, leaves,
and seeds. They are also known to have a strong anti-
oxidant activity and expected to promote human health as
functional ingredients in foods. Although the anthocyanin
biosynthetic pathway is well elucidated, little is known
about a mechanism how anthocyanins are accumulated
into a special organelle, vacuole, in a plant cell. With ion
beams, we used a special line of Arabidopsis thaliana that
produces red anthocyanin pigment in immature seed coat,
mutagenized it as a parent line, and screened for mutants
with pale colored immature seeds in which the amount of
anthocyanin accumulation is decreased (Fig. 1).

Detailed analyses of the mutant discovered that the
MATE-type transporter gene FFT is disrupted in the
mutant genome. Introduction of the FFT gene into the
mutant restored normal color in the immature seed coat,
suggesting that the loss of FFT gene caused the pale
color mutant phenotype. The FFT promoter activity was
detected in the seed-coat layers that accumulate
anthocyanins. The FFT protein fused to Green Florescent
Protein (GFP) mainly localized in the vacuolar membrane
(Fig. 2). These results suggest that the FFT protein acts at
vacuolar membrane and is essential for anthocyanin
accumulation in vacuoles of the plant seed coat cells [1].

Determination of the draft genome sequence of the
radioresistant bacterium Deinococcus grandis
Although radiations are harmful to living organisms, a
group of bacteria, Deinococcus, shows extraordinary
resistance to radiations. The resistance of Deinococcus
species is attributed to highly proficient DNA repair
capacity. As part of efforts to elucidate mechanism of
radioresistance of this bacterial species, we have
determined the draft genome sequence of Deinococcus
grandis, which was isolated from freshwater fish in Japan
[2]. The sequence suggested that the whole genome of D.
grandis is approximately 4.1 Mbp in size and consists of 5
circular DNA molecules (Table 1) although sequence gaps
remain in the circular No. 3. A total of 4,043 protein-coding
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sequences (CDSs) were annotated in the draft genome
sequence. The presence of a DNA damage response
regulator (encoded by a pprl homolog) and
radiation/desiccation response (RDR) regulons such as
recA, ddrA, ddrO, pprA, and gyrA homologs in the
annotated genome suggests that D. grandis has a similar
RDR system to D. radiodurans, the best-characterized
extreme radioresistant bacteria. Further genome
comparative analyses of Deinococcus species are
expected to reveal common principles for extraordinary
resistance of this bacterial species against radiation.
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Fig. 1. Phenotype of immature seeds of parent (top) and mutant
(bottom) lines. The mutant showing pale color seeds with reduced
anthocyanin content in the seed coats was isolated from the ion-
beam mutagenized population of the parent line whose seeds
appear red.
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Fig. 2. Subcellular localization of the FFT protein. Microscopic
images in blight (top) and florescent (bottom) field of epidermal
cells of the root meristem. Florescent signal of the GFP fused
with the FFT protein mainly localized in the vacuolar membrane.
Dashed lines indicate cell walls.

Table 1 Summary of D. grandis genome.

Circular
DNA No. 1 2 3 4 5 Total
Size (kbp) 3,250 389 354 91 8 4,092
Gap size
0 0 >29 0 0 > 29
(kbp)

GC content (%) 70.2 71.6 60.8 68.7 64.9 69.5
No. of CDSs 3,172 336 287 139 9 4,043

No. of tRNA
genes 49 0 1 1 0 51
No. of
5S rRNA genes 0 ! 0 0 4
No. of
16S rRNA genes E e [ o ¢ “
No. of 3 0 1 0 0 4

23S rRNA genes

QST Takasaki Annual Report 2015



P2-2 Microbeam Radiation Biology Research Project

Target irradiation of biological samples using heavy-ion
microbeam is a useful means for exploring high and
unique biological effectiveness of heavy-ion radiation.
Therefore, we have developed the heavy-ion microbeam
systems in QST-Takasaki, and utilized for analyzing
biological effects of the heavy-ions [1-2]. In our project, we
are developing and improving a microbeam system and
irradiation methods for various biological targets with
heavy-ion microbeam {2-01 in Part Il}, and, using the
established methods, we are carrying out researches from
three points of view: 1) molecular analysis of radiation
induced bystander effect {2-03, 2-08~11}; 2) basic
research of heavy-ion hit effect on mammalian cells for
medical and agricultural application {2-02, 2-04~07, 2-
13~14, 2-43}; 3) effect of local irradiation on individuals {2-
12, 2-15~16}. Our final goal is to utilize microbeam
irradiation in a wide range of biological research.

Development of Live-Cell Imaging System for Long-
Term Analysis of Bystander Cell Populations
Irradiated with Heavy-lon Microbeams {2-01}

Using the heavy-ion microbeam system of TIARA, we
have been carrying out a lot of analyses of bystander
effect for assessing the effect of heavy-ion radiation on
biological system [3-8]. However, the responses of
bystander effect are not uniformly induced in the cells of
the bystander cell population. To clarify the whole picture
of the bystander response, we need to analyze all cells
individually in the bystander population over the long term
after the microbeam irradiation. Thus, we developed a
live-cell imaging system to carry out a long-term automatic
observation of bystander cell populations irradiated with
heavy-ion microbeam.

In the development, we introduced three components to
the offline cell-observation system, which is a part of the
cell targeting system of collimating heavy-ion microbeam.
For avoiding the exposure effect of the excitation light and
obtaining clear image from weak fluorescent light during
long-term observation, a high-sensitivity CMOS camera
(ORCA-Flash4.0, Hamamatsu-Photonics) was introduced.
An automatic focus-control unit (IX81-ZDC2, Olympus)
was also add in the PC-controllable inverted microscope
(IX81, Olympus) to avoid focus drift during long-term
observation. To keep irradiated cell samples with suitable
culture condition on the observation microscope stage, a
stage-top cell incubator (Tokai-hit Corp.) was brought in to

keep irradiated cell samples with suitable culture condition.

A software for carrying out long-time live-imaging was
developed from a software framework, which enable to
build multiple software for multiple experimental purpose
from single source code set of the cell targeting software
of the microbeam system. Function modules for
compensating drifted-focus by automatic focus unit, and
capturing images automatically during long-term
observation was developed, then integrated to the
framework to establish a control software for more-than-
week long-term bystander analysis.

Leader : Tomoo Funayama

\J
Analysis of Gamma-ray Induced Bystander Effect
between Human Lung Normal and Cancer Cells {2-03}

To clarify the possibility whether the radiation induced
bystander effect will increase risk for radiotherapy patients,
we carried out experiments to assess an extent of
bystander cell kiling between normal human lung
fibroblasts WI38, and non-small cell lung cancer cell lines,
H1299, with different TP53-gene status (wild, mutated and
null).

To evaluate bystander effect between normal and
cancer cells, we separate two populations physically with
microporous membrane, which is able to diffuse media
containing inter-cellular irradiation signals via small pore in
the membrane. A detail scheme of the experiment was
showed in Fig. 1 of {100} in part Il. The cells inoculated
into the culture insert was irradiated with a 0.5 or 5.0 Gy
of ®Co gamma ray of TARRI, then non-contact co-culture
between irradiated and unirradiated cells were carried out
for 24 h. Thereafter, the insert with irradiated cells were
removed and the bystander effect in the unirradiated cells
were evaluated with clonogenic survival assay.

Differently from the conventionally reported result, even
the survival rate of bystander normal cells co-cultured with
irradiated normal cells showed no significant differences
compared to the rate of control cells. In addition, when the
combination of irradiated cells and unirradiated cells was
reversed, no significant difference was found regardless of
the TP53-gene status.

These results indicate that the bystander cell-killing
effect was not induced between different type cells in
these experimental conditions. In a similar experiment
using co-culture systems, it was reported that cancer
(chondrosarcoma) cells could release bystander
stimulations but could not develop bystander responses
by observing the amount of micronucleus formation.
Therefore, even though further researches will probably
be necessary to carry out, it might be said from our current
result that, for radiotherapy patients, it is not necessary to
consider risks by gamma-ray-induced bystander effects.
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P2-3 Medical Radioisotope Application Research Project

The research objective of our project is to develop the
radiopharmaceuticals labeled with useful radioisotopes for
cancer diagnosis and therapy. Our group focuses on
research of the radioisotope drug delivery system (RI-
DDS) using bioactive compounds such as antibodies and
peptides in order to make the most of the ability of
radioisotopes. We also search for novel molecular targets
that enable effective diagnosis or therapy with
radiopharmaceuticals.

Synthesis and in vitro evaluation of F(p-"')KCCYSL
for targeting HER2

Radioiodinated peptides are promising for applications
in nuclear medicine such as diagnosis and therapy.
Among radioiodines, "'l (2 = 8.0 days) is a useful
radionuclide in both clinical imaging and therapeutic
applications. KCCYSL (Lys'-Cys*-Cys>-Tyr*-Ser®-Leu®)
peptide has potential as a molecular probe targeting tumor
cells overexpressing the human epidermal growth factor
receptor type 2 (HER2). "'I-labeled KCCYSL peptide is
therefore promising as a radiopharmaceutical of HER2
overexpressing tumors. In this study, we report synthesis
and in vitro evaluation of novel '*'I-labeled KCCYSL
peptides [1].

We designed two *'I-labeled KCCYSL peptides, F(p-
Bh)KCCYSL (1) and F(p-"*")GSGKCCYSL (2), which
were introduced F(p-ml) into the N-terminal of the
peptides. Precursor peptides, Boc-F(p-SnBus)K(Boc)
C(Trt)C(Trt)Y('Bu)S('Bu)L-OH and Boc-F(p-SnBu3)GS('Bu)
G-K(Boc)C(Trt)C(Trt)Y(tBu)S(tBu)L-OH, were synthesized
by the Fmoc solid phase peptide synthesis. Then,
precursor peptides were radioiodinated via electrophilic
destannylation in the presence of N-chlorosuccinimide,
and they were deprotected to obtain (1) and (2) in
radiochemical yield 15% and 17%, respectively.

In order to evaluate the "'I-labeled KCCYSL peptides
as clinical imaging and therapeutic agents, cellular binding
assay and studies on stability in human serum were
carried out. The binding assay showed high affinity for
tumor cells. However, the KCCYSL peptides had low
stability in serum due to the hydrolysis by peptidases. We
are considering that improvement of the stability of
F(p-"*"I)KCCYSL by the chemical modification (D-amino
acid substitution and a-methylation) of amino acids to
avoid degradation by peptidases.

Medical radioisotope production with accelerator
neutrons by deuterons {2-38 in Part II}

We have proposed a new system for the generation of
medical radioisotopes such as *Mo (Ti = 66 h), *Y
(T12=64 h), Cu (T12=61.8 h), and **Cu (T12=12.7 h)
with accelerator neutrons by deuterons [2].

Cu is an attractive radionuclide for cancer therapy,
because of emissions of medium energy beta particle
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(a mean energy of 141 keV) and gamma rays (91, 93,
185 keV) suitable for imaging, and its appropriate half-life.
However, the use of ®Cu in clinical research has been
limited due to the difficulty in obtaining a sufficient amount
of ¥’Cu. We have investigated the production of ®’Cu by
the 68Zn(n,x)67Cu reaction (x = n’p, d) using accelerator
neutrons from "*C(d,n) or "'Be(d,n) reaction. The highly
purified ’Cu was obtained from a considerable amount
(33 g) of ZnO sample by two columns (chelate resin and
anion exchange resin) separation method [3].

The irradiated sample was dissolved in concentrated
HCI, and the pH value was adjusted to be about 3.5-4.0
with 10 M NaOH solution. The solution was fed into a
chelate resin column and an anion exchange resin column
to separate *’Cu from the ZnO sample. The 2 M HCI
eluent containing *’Cu was evaporated and dissolved with
0.1 M ammonium acetate (pH = 5.5). Finally, the solution
was purified with a 0.22 pm filtration system. The
radionuclidic purity of ¥Cu in the separated sample was
more than 99% as shown in Fig. 1.

By using the obtained ®’Cu solution, the labelling of
DOTA and TETA which are useful bifunctional ligands for
the labelling monoclonal antibodies was succeeded in
more than 97% vyield. In addition, we successfully
developed a recycling process of the used %7zno sample
by precipitating °®Zn(OH), from the separated Zn fraction.
It was confirmed that the recycled sample did not include
the extra impurities inhibiting the labelling reaction of
DOTA or TETA.

The present results demonstrate that the medical
radioisotope ’Cu can be produced with a minimum level
of impurity radionuclides by using accelerator neutrons,
and high quality no-carrier added ’Cu can be obtained by
the chemical separation method in this production system.
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P2-4 Radiotracer Imaging Research Project

The aim of our radiotracer imaging research project is to
precisely measure, visualize, and characterize the
biological processes of organs. Our project will establish
systematized techniques for live-imaging  using
radiotracers, nuclear imaging apparatus, and kinetic
analytical methods for understanding the transport
function related to agriculture and medicine within living
systems. {2-32,2-34~35 in Part II}

Imaging of radiocesium uptake dynamics in a plant
body using a developed gamma camera

Vast agricultural and forest areas in Japan were
contaminated with radiocesium (***Cs and "*'Cs) because
of the Fukushima Daiichi nuclear disaster in March 2011.
Many agricultural studies focused on topics such as
fertilizer management and plant breeding have been
undertaken for reducing radiocesium uptake in crops or

enhancing uptake and transportation via phytoremediation.

These studies examine the control of radiocesium
dynamics in plant bodies from the viewpoint of plant
physiology. Previously, we established a radiotracer
imaging method by using the Positron-emitting tracer
imaging system (PETIS) and Cd to quantitatively
assess the transport of cadmium, a major soil pollutant
found worldwide, in plants. We successfully elucidated the
dynamics of transport of cadmium in rice.

In this study, we developed a new gamma camera [1]
specifically for plant nutritional research and successfully
performed live imaging of the uptake and partitioning
of "Cs in plants. The gamma camera was specially
designed for high-energy gamma photons from "*'Cs (662
keV). To obtain reliable images, a pinhole collimator made
of tungsten heavy alloy was used to reduce penetration and
scattering of gamma photons (Fig. 1). A single-crystal
scintillator, Ce-doped Gd3sAl,GazO 12, with high sensitivity,
no natural radioactivity, and no hygroscopicity, was used.
The array block of the scintillator was coupled to a high-
quantum efficiency position sensitive photomultiplier tube
to obtain accurate images. The completed gamma camera
had a sensitivity of 0.83 count s MBq™ for '*'Cs with an
energy window from 600 keV to 730 keV and a spatial
resolution of 23.5 mm.

We used this gamma camera to study Cs kinetics in
soybean plants that were hydroponically grown and fed
with 2.0 MBq of ¥cs for 6 days to visualize and
investigate the transport dynamics in aerial plant parts.
Figure 2 shows the imaging result in which "*’Cs gradually
appeared in the shoot several hours after feeding, and
then accumulated preferentially and intensively in growing
pods and seeds; very little accumulation was observed in
mature leaves. These patterns of ¥"Cs  movement
suggest that radiocesium is mainly transported directly to
the growing organs in the aerial part, particularly
developing pods and seeds, without accumulating in the
mature soybean leaves in the reproductive growth stage.
We speculated that xylem-to-phloem transfer of
radiocesium may occur in the stem before radiocesium
reaches the mature leaves through the transpiration
stream in the xylem.

Leader: Naoki Kawachi

b
.
Our results suggest that this method using a garrﬁma

camera may serve as a practical analyzing tool for

breeding crops and improving cultivation techniques
resulting in low accumulation of radiocesium in the
consumable parts of plants. We have high expectations
that this technology will be widely adopted in the future
and provide new insights to researchers who investigate
radioactive contamination [2].

References

[1]1 S. Yamamoto, H. Watabe, N. Kawachi et al., Nucl.
Instrum. Meth. Phys. Res. A., 743, 124 (2014).

[2] N. Kawachi et al., J. Environ. Radioact.,, 151, 461
(2016).

Fig. 1. Photograph of the developed gamma camera.

1 day 2 day

Fig. 2. Photographs of the soybean and serial images of *'Cs
d¥namics in the field of view of the gamma camera after feeding
3'Cs into the hydroponic culture.
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P2-5 Radiation and Biomolecular Science Research Project

The research objective of our project is to elucidate
radiation effects of living systems from molecular to
cellular level. Advanced light sources, such as highly
monochromatic soft X-rays to induce innershell
ionization/excitation of a specific atom in DNA, X-ray
microbeam to target a single cell or organelle, or circular
polarized lights in the energy region below vacuum
ultraviolet to measure circular dichroism (CD), have been
used. Theoretical approaches are also applied for
modeling molecular and cellular responses to irradiation
using computer simulation techniques. Monte Carlo
simulation and molecular dynamics calculation have
revealed the correlation between radiation track structure
and spatial distribution of DNA or cellular damage, and
physical or chemical reaction of biomolecules. An
approach of system biology has also been applied to
reveal the correlation between a single cell response and
multicellular system. It is one of unique characters of our
group that both experimental and theoretical researchers
cooperate closely to promote their projects. This allows us
to understand the complex radiobiological phenomena,
particularly "low-dose" radiation effects on living system.

Here we report our recent progresses in a novel
experimental approach using circular dichroism, and also
theoretical research to contribute the issue of low dose
risk, particularly in nuclear disasters.

Structural change of histone proteins (H2A and H2B)
induced in human cells exposed to X-rays

From an experimental approach, we have studied the
protein structures and functions involved in radiobiological
responses in nuclei in cells exposed to ionizing radiation.
Ultraviolet circular dichroism (CD) spectroscopy is very
sensitive to structural change of proteins, and has several
notable advantages over X-ray crystallography or nuclear
magnetic resonance (NMR). Particularly, revealing the
secondary structural changes by post-transcriptional
modifications of key enzymes will strongly contribute to
elucidation of regulation mechanism of protein-networks
responsible for cellular responses to stresses such as
ionizing radiation. We have performed a typical application
of CD to protein structural study, particularly the
secondary structural change of histones in responding to
ionizing irradiation in living cells.

A Histone Purification Kit (Active Motif, Inc., CA, USA)
was used to extract H2A, H2B, and their variants from X-
irradiated (40 Gy) and unirradiated human cancer (HelLa)
cells. The kit is designed to extract H2A-H2B from core
histones in chromatins with maintaining post-translational
modification of H2A-H2B. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis
was done to confirm the purity of histone protein samples
using NUPAGE 12% Bis-Tris gels in MES running buffer
(Life Technologies Corporation, CA, USA). The CD
spectra of these histone samples were measured using a
CD spectrometer J-725 (JASCO Corporation, Tokyo,
Japan).

Two negative CD peaks at approximately 208 and
222 nm were observed in the unirradiated sample (Fig. 1).
Those peaks at these wavelengths are characteristic CD

Leader : Akinari Yokoya

peaks of a-helix structure assigned to = —=n* and n —=n*
transitions of peptide bonds, respectively. The spectra
were analyzed using the SELCON3 software and
reference data set “IBasis 4” [1], applied at a wavelength
of 200 to 240 nm to obtain the contents of secondary
structures (Table 1). Compared to unirradiated cells, a
relative increase in a-helix structure and decrease in other
secondary structures was observed in X-irradiated
cells [2, 3]. The spectral change was significantly different
from that induced by direct X-ray exposure to a purified
histone protein solution. These structural alterations
persisted for at least 24 hours in the cell, which is
substantially longer than the DNA repair time, about
2 hours, generally known to be required for rejoining of
DNA double strand breaks.

In collaboration with groups of Dr. M.-A. Hervé du
Penhoat and Dr. C. Houée-Lévin in France, we have
extended the CD spectroscopy into a higher energy
(vacuum ultraviolet) region at the "Dichroism, Imaging &
Spectrometry for Chemistry and biOlogy" beamline
(DISCO) in a third generation French synchrotron facility
(SOLEIL), Orsay, France, to measure much precisely the
structural alterations in respect of thermodynamic
parameters, such as enthalpy and entropy.
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Fig. 1. CD spectra of histones H2A and H2B. Solid line: histones
extracted from X-irradiated cells, dashed line: histones extracted
from unirradiated cells, and dotted line: histones directly exposed
to X-rays. For easy to see, error bars are only shown at 208 and
222 nm.

Table 1. Contents (%) of secondary structures analyzed.

Sample a-Helix B-Strand Turn Un-
ordered
Un-irradiated cells 459 104 17.0 27.7
Irradiated cells 62.6 4.5 13.5 221
X-irradiated H2A
and H2B 38.4 14.7 18.4 29.5
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Evaluation of DNA damage induced by internal and
external exposure by ¥cs

Mechanistic studies of low dose risk, as well as
epidemiological approaches, have long been addressed
as a critical issue of nuclear disasters. Computer
simulation is one of powerful approach because low dose
experiments are sometimes difficult to detect significant
biological effects overcoming background noise signal.

We performed a simulation of radiation-induced DNA
damage to understand the blologlcal effects of external
and internal exposure by Cs [4]. The blologlcal effects
of internal and external exposure by "Cs nuclei have
received considerable public attention after the Fukushima
Daiichi nuclear disaster. Internal exposure by "*'Cs is
mainly caused by electrons emitted after vy-decay.
The "™'Cs nucleus decays by ejecting y-rays with
maximum energies of 512 keV (94.6%) and 1.174 MeV
(5.4%), and the daughter nuclei "*’Ba decay by emitting y-
rays (89.7%) and by internal conversion (10.3%). The
internal conversion emits internal conversion electrons
and low-energy (10.9 eV to 35.6 keV) Auger electrons.
The y-rays, which are mainly responsible for external
exposure, have an energy of 662 keV. The biological
effects of the 512-keV electrons and 662-keV photons
are generally thought to be similar at the same absorbed
dose. However, low-energy electrons as Auger electrons
can induce dense energy deposition. A dense energy
deposition around the DNA molecule has the potential to
induce a complex type of DNA damage that can lead to
serious biological consequences. ¥Cs nuclei are
regarded as being homogeneously distributed in cells, and
the Auger process is not the main process. However, the
contribution of electrons to |nternal exposure is often
discussed in relation to the intake of '¥'Cs. Therefore, we
examined the DNA damage induced by directly emitted
electrons (y-rays, mternal conversion electrons, and Auger
electrons) from *’Cs. The simulations focused on the
relationship between the initial electron energy spectrum
and the DNA damage spectrum in a simplified system.

Monte Carlo track simulations were used to calculate
microscopic energy deposition patterns in liquid water.
The simulations were performed using two simple,
microscale target systems. The radiation sources were
placed on the inside in one system and on the outside in
the second system. To simulate the energy deposition by
electrons directly emitted from '*’Cs placed inside of the
system, multiple ejections of electrons after internal
conversion were considered. In the target systems, the
induction of DNA damage was modelled and simulated for
both direct energy deposition and the water radical
reaction on DNA. The yield and spatial distribution of
simple and complex DNA damage including strand breaks
and base lesions were calculated for irradiation by
electrons and y-rays from "*'Cs.

The calculated yields of single- (SSB) and double-strand
break (DSB) by external exposure of "*Cs showed a
reasonable agreement with several previously reported
experimental values. Figure 2 shows the calculated
complex DNA damage yields by internal and external
exposure of ®¥’Cs. The DSB- -type damage was classified
into DSB and complex DSB (CDSB). Damage including
base lesions was classified into damage sites including
one base lesion and one strand break (BD&SB), those
including two base lesions (BD&BD), and those including
more than three lesions (CL10). The contribution of
complex damage to total damage is similar in both

exposure conditions, and the significant difference in the
damage spectrum was not observed (Fig. 2).

Au%er electrons are produced by approximately 10% of
the "'Cs nuclei. Although the ejection probability of
electrons with energies Iower than approximately 100 eV
is not small (>0.3 per ¥cs nucleus), the total energy
deposited by the Auger electrons is only 0 23% of the total
energy deposited in the system. Also, ¥Cs nuclei do not
selectively bind to DNA and distribute randomly in the
irradiated volume. Therefore, it can be concluded that the
localization of energy deposition is too small to induce
complex DNA damage.

This work supports the general perception that internal
and external exposures are similar. However, the present
study focused on only local (within a few tens of DNA
base pairs) effects on DNA damage. Further examination
of the damage to a larger area of cellular DNA using an
improved simulation model could increase the accuracy of
the evaluation of DNA damage.
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Fig. 2. Spectra of complex DNA damage for pseudo internal and
external exposure conditions by *’Cs. The damage types are
classified as DSB, complex DSB (CDSB), damage site with one
base lesion and one strand break (BD&SB), damage site with two
base lesions (BD&BD), and damage site with more than three
lesions (CL10).
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P2-6 Biomolecular Function Research Project

Protein molecules play fundamental roles in biological
system and exhibit unique functions on molecular
recognitions, chemical reactions and energy transfer. Our
research project has been focused on developments of
the techniques for protein functional analysis using
neutron, X-ray diffractions and ultra-short pulse laser.
Here, we introduce our basic research concept and
activities regarding to two protein functional analyses to
obtain useful knowledge for molecular engineering and
application as follows.

[1. Preparation of Protein]

1-1. Design of recombinant protein
1-2. Gene manupiration
1-3. Protein purification

[ 2. Analysis of Protein Functions]

2-1. Crystal structure analysis (X-ray, Neutron)

2-2. Physicochemical analysis (Isothermal titration calorimetry)
(Ultra-short pluse laser, etc.)

[3. Engineering and Application]

Molecular design and creation for application

3-1. enhancement of affinity in molecular recognition

3-2. engineering of proteins responsible for DNA repair
3-3. improvement of enzyme activity

3-4. utilization of quantum mechanical effects in protein
3-5. creation of new device based on protein self-assembly

Fig. 1. Research concept of our project.

The catalytic mechanism of decarboxylative
hydroxylation of salicylate hydroxylase revealed by
crystal structure analysis at 2.5 A resolution
FAD(Flavin Adenine Dinucleotide) is a key cofactor that
functions as an energy carrier in cells and exhibits
quantum mechanical effects in proteins (Fig. 1; 3-3, 3-4).
We solved the X-ray crystal structure of recombinant
salicylate hydroxylase from Pseudomonas putida S-1
complexed with cofactor FAD and substrate salicylate to a
resolution of 2.5 A (Fig. 2a) [1]. When compared with
other known hydroxylases, structural conservation with p-
or m-hydroxybenzoate hydroxylase is very good
throughout the topology, despite a low amino sequence
identity of 20-40%. Salicylate hydroxylase is composed of
three distinct domains and includes FAD accessible to
solvent. In this report, we have reported analyses for the
tertiary structure of the enzyme, the unique reaction of
salicylate, i.e. decarboxylative hydroxylation, and the
structural roles of amino acids surrounding the substrate.
Now, preparation of large crystals is in progress for
neutron crystallography to reveal the catalytic mechanism
including structural information of hydrogen atoms.

Leader : Motoyasu Adachi

Nucleoside Diphosphate Kinase from Psychrophilic
Pseudoalteromonas sp. AS-131 Isolated from
Antarctic Ocean

NDK (Nucleoside diphosphate kinase) is a house-
keeping enzyme catalyzing a transfer of y-phosphate
group of nucleoside triphosphate to nucleoside
diphosphate. While most of NDKs were known to form
hexameric or tetrameric subunit assembly, we have
shown that halophilic NDKs form native and active dimer,
which is a basic unit of other hexameric (trimer of this
dimer unit) or tetrameric (dimer of this dimer unit). We
consider that the study for quaternary structure and
molecular functions of NDKs is important for engineering
in self-assembely of protein (Fig. 1; 3-5).

Here, we report characterizations and engineering of
new target molecule of NDK isolated from psychrophilic
Pseudoalteromonas sp. AS-131 (ASNDK) [2]. Previously,
it was demonstrated that the 134th—136th region play a
key role in formation of quaternary structure of NDK.
Figure 2b shows a model of putative ASNDK structure on
assumption that it had formed tetrameric structure. This
model suggests a possibility that ASNDK is a dimer not
tetramer due to the bulky Glu136 residue. Actually, wild-
type and D135A/E136T mutant ASNDK were expressed in
Escherichia coli and purified to homogeneity. Cross-linking
experiment showed that wild-type and the mutant ASNDK
form dimer and tetramer structures, respectively,
indicating success in engineering self-assembly. This
result and further characterizations will aid to molecular
design for engineering on self-assembly of proteins.
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Fig. 2. Structure models of Salicylate hydroxylase (a) and wild-
type ASNDK (b). (a) The enzyme and bound ligand molecules of
salicylate and FAD are shown by wired and stick models,
respectively. (b) Putative tetrameric model was constructed on
the basis of the X-ray crystal structure of HaNDK (PDB ID:
3VGU). Key residues in the interaction sites between protomer
are shown by stick model.
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P2-7 Biomolecular Structure and Dynamics Research Project

The relationship between protein structure and
dynamics is important for ultimate understanding of
protein functions. This project aims to contribute to a wide
range of biological and life sciences by performing
research and development of molecular imaging method
using neutrons, along with other quantum beams like X-
rays and computer simulations. In this report, we describe
our latest activities for protein structure and dynamics.

Elucidation of the reaction mechanism of anti-cancer
drug at the atomic level [1]

The fully human monoclonal antibody KMTR2 clusters
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) receptor 2 (TRAIL-R2) on tumor cell surfaces,
and acts as a strong direct agonist for TRAIL-R2, which is
capable of inducing apoptotic cell death without cross-
linking. Therefore, specifically targeting the apoptotic
pathway through TRAIL-R2 using direct agonistic
antibodies, including KMTR2, may provide a novel
therapeutic strategy for malignant tumors.

To investigate the mechanism of direct agonistic activity
induced by KMTR2, the crystal structure of the
extracellular region of TRAIL-R2 and a Fab fragment
derived from KMTR2 (KMTR2-Fab) was determined to 2.1
A resolution. Two KMTR2-Fabs assembled with the
complementarity-determining region 2 of the light chain via
two-fold crystallographic symmetry, suggesting that the
KMTR2-Fab assembly tended to enhance TRAIL-R2
oligomerization (Fig. 1(a)). We designed a mutant, Asn53
to Arg, in the light chain of KMTR2 to prevent dimerization
at this site (Fig. 1(b)). Several biochemical experiments
showed that a single mutation at Asn53 to Arg located at
the two-fold interface in the KMTR2 abolished the higher
oligomerization of TRAIL-R2 and resulted in a loss of its
apoptotic activity, although it retained its antigen-binding
activity. These results indicate that the strong agonistic
activity, such as apoptotic signaling and tumor regression,
induced by KMTR2 is attributed to TRAIL-R2
superoligomerization induced by the interdimerization of
KMTR2.

Detection of unusual behaviour of human a-synuclein
[2]

Alpha-synuclein (aSyn) is a protein consisting of 140
amino acid residues and is abundant in the presynaptic
nerve terminals in the brain. Although its precise function
is unknown, the filamentous aggregates (amyloid fibrils) of
aSyn have been shown to be involved in the pathogenesis
of Parkinson's disease, which is a progressive
neurodegenerative disorder.

To understand the pathogenesis mechanism of this
disease, the mechanism of the amyloid fibril formation of
aSyn must be elucidated. Purified aSyn from bacterial
expression is monomeric but intrinsically disordered in
solution and forms amyloid fibrils under various conditions.
As a first step toward elucidating the mechanism of the
fibril formation of aSyn, we investigated dynamical
behaviour of the purified aSyn in the monomeric state and
the fibril state using quasielastic neutron scattering
(QENS). The QENS measurements on the solution

Leader : Taro Tamada

samples of purified aSyn in the monomeric and fibril
states in DO were performed using the near-
backscattering spectrometer, BL02 (DNA), at the MLF/J-
PARC. Figures 2(a) and (b) show examples of the QENS
spectra obtained. Analysis of the spectra showed that
diffusive global motions are observed in the monomeric
state but largely suppressed in the fibril state (Fig. 2(c)).
On the other hand, the amplitudes of the side chain
motions were found to be larger in the fibril state than in
the monomeric state (Fig. 2(d)). This implies that
significant solvent space exists within the fibrils,
presumably due to a conformational distribution of aSyn
within the fibrils. The larger amplitude of the side chain
motion in the fibril state than in the monomeric state
implies that the fibril state is entropically favorable.
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Fig. 1. Dimeric structure of a TRAIL-R2/KMTR2-Fab complex
rendered by crystallographic two-fold symmetry. The TRAIL-R2
molecule and the heavy and light chains of KMTR2 are colored
green, cyan and orange, respectively. (a) Overall structure.
Dashed line and square indicates the two-fold axis and the
interface between two KMTR2-Fab molecules, respectively. (b)
Close-up view of the interface.
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Fig. 2. The QENS spectra of aSyn at Q = 1.225 A™ and at 280 K
in (a) the monomeric state and (b) the fibril state. (c) The
temperature dependence of the translational diffusion coefficients
of the entire aSyn molecules. (d) The temperature dependence of
the amplitudes of the local side chain motions.
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P3-1 Laser Compton Scatterring y-ray Research Project

The research objective of LCS y-ray Research Project is
developing the technologies of high-brilliance y-ray
generation and exploring its scientific and industrial
applications such as nuclear physics, nuclear astrophysics
and non-destructive measurement of nuclear material.
The y-ray source is based on laser Compton scattering
(LCS), which enables one to generate energy-tunable
mono-energetic y-rays. In the research project, we are
developing critical components for electron accelerators to
achieve small-emittance and high-average current beams,
y-ray optics and a Monte Carlo simulation code.

Diffraction of y-rays with energies of 1.17 and 1.33 MeV
by a flat Si crystal [1]

Generation of high-energy photons via collision of
relativistic electrons and laser photons is called laser
Compton scattering (LCS). Over the last three decades
LCS y-ray facilities have provided intense energy-tunable
mono-energetic y-ray beams for various scientific and
industrial applications.

Recent progress of electron accelerator and laser
technologies will open a door to the next-generation LCS
y-ray sources. An electron beam of small emittance and
high-average current contributes to improving spectral
brightness and flux of LCS photons. In the research
project, we are developing y-ray optics for the next-
generation LCS y-ray sources.

It is known that y-rays can be diffracted by a crystal
according to Bragg’s law as well as X-rays. A small
divergence of LCS y-ray works favorably to select y-rays in
a narrow energy region by using crystal monochromators.
By combining the next-generation LCS y-ray sources with
new crystal monochromators optimized for such y-ray
beams, we can explore fundamental science and various
applications with these y-ray beams.

As the first step of y-ray monochromator development,

X
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()
we measure diffraction of y-rays by a flat Si crystal using a
high flux ®°Co source with an intensity of 2.3 TBg. The
diffraction intensities of the y-rays with energies of 1.17
and 1.33 MeV were measured as a function of the rotation
angle of the crystal. Three peaks corresponding to the
Si(440) and Si(220) diffractions for 1.17 MeV and the
Si(440) diffraction for 1.33 MeV were measured. The
heights and shapes of these three peaks are well
reproduced by taking into account Bragg's law and the
experimental geometry.

Figure 1 is a schematic view of the measurement setup
and Fig. 2 shows observed diffraction intensity for
1.33 MeV y-rays with calculated results.

As a result of the measurements, we can conclude that
high flux ®Co source is useful for developing diffractive
optical devices suitable for high-brightness y-ray beams
from the next-generation LCS sources.
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Fig. 2. Observed diffraction intensity for 1.33 MeV y-rays. The
solid line and the dotted line are the calculated results for the
Si(440) and (220) diffractions, respectively. The circles are the
measured data.
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Fig. 1. Schematic view of the measurement setup for y-ray diffraction by a Si crystal.
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Narrow-band GeV photons generated from an X-ray
free-electron laser oscillator [2]

We proposed a scheme to generate narrow-band GeV
photons, y-rays, via Compton scattering of hard X-ray
photons in an X-ray free-electron laser oscillator (XFELO).

Figure 3 is a schematic view of this y-ray source, XFELO-y.

The XFEL oscillator consists of two normal-incidence
sapphire crystals and compound refractive lenses.
Compton scattered y-rays are generated by collision of an

electron bunch and an X-ray pulse built up in the oscillator.

Figure 4 shows calculated y-ray spectra for a 7-GeV
XFELO-y. XFELO-y can generate y-rays of a narrow-band
spectrum with a sharp peak, ~0.1% (FWHM), due to large
momentum transfer from electrons to photons. The y -ray
beam has a spectral density of ~10? ph/(MeV's) with a
typical set of parameters based on a 7-GeV electron beam
operated at 3-MHz repetition. The energy of y-ray is
tunable by varying the electron beam energy as far as
XFELO is lasing. A circularly polarized y-ray beam can be

generated in XFELO-y with a spin-polarized electron beam.

The XFELO-y will open a new opportunity for studying
the charmed quark (c-quark) production dynamics from
the proton and the neutron which mainly consist of u- and
d-quarks. In the past, the production of ¢, A and X
particles including strangeness quarks has been studied
at the Jefferson Laboratory and at the SPring-8. In the
future, new types of experiments with an XFELO-y will be
realized to produce, ie., the J/¥ meson and charmed
baryons from the u- and d-quark medium.
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Fig. 4. Gamma-ray spectra of a 7-GeV XFELO-y calculated by
analytical formula with electron energy spread (red) and a Monte
Carlo simulation (blue).
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Fig. 3. Schematic view of a y-ray source based on X-ray FEL oscillator. The oscillator consists of two normal-
incidence sapphire crystals and compound refractive lenses (CRL).

_21_

QST Takasaki Annual Report 2015



P3-2 Beam Engineering Section

The research objectives in our section are many kinds of
development of accelerator related techniques which
include ion beam irradiation techniques and ion beam
analyses. Each member has been engaging in individual
researches more than one. In the recent and remarkable
studies, the single-pulse ion beam accelerated by AVF
Cyclotron was successfully formed using a chopping
system and the 3-dimensional element distribution in a
small sample was measured using the PIXE-CT analysis.
{1-33~35, 1-56, 2-39~44, 3-01, 3-03, 3-06~08, 3-10, 3-12,
3-15~17, 3-20~24, 3-30, 3-33~35 in Part 11}

Enhancement of beam pulse controllability for a
single-pulse formation system of a cyclotron

The improvement of a single-pulse formation technique
with pulse intervals over 1 ys for the JAEA cyclotron was
carried out by the upgrade of the chopping system as well
as improving the controllability of the beam phase width
restriction, the acceleration phase optimization, and the
cyclotron magnetic field stabilization. Moreover, a
technique to increase the intensity of the single-pulse
beam was also performed using a subharmonic beam
buncher.

A combination of the acceleration phase control and the
phase slits use enabled us to effectively reduce the
number of plus beams which reached to and was extracted
from the extraction area in the cyclotron (multi-turn
extraction). As shown in Fig. 1, a single-pulse beam of
high-energy H* was successfully formed by the further
reduction of the multi-turn extraction on the basis of adding
a beam chopping system in an incident beam line. The
ratio of the unwanted beam pulses (sub-pulses) to the
main pulse was quite low, less than 1 x 107, within 3 us
shown in Fig. 1. In addition, a 65 MeV single-pulse H*
beam was also formed [1].{3-06}

Particle induced X-ray emission-computed
tomography analysis of an adsorbent for extraction
chromatography

The PIXE-computed tomography (PIXE-CT) with
scanning transmission ion microscopy (STIM-CT) and
maximum likelihood expectation maximumzation (ML-EM)
iterative image reconstruction method was developed and
applied to analyze trace elements in a small sample. The
trace elements of a porous silica adsorbent having the
residual neodymium (Nd) were nondestructively measured
using PIXE-CT.

The cross-sectional distributions of Nd obtained by
PIXE-CT are shown in Fig. 2. The image was recon-
structed by a modified ML-EM method from the projection
map of X-ray counts with 9 degrees resolution. In the
modified ML-EM method, each projection map of X-ray
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o
counts was corrected for the production cross-section and
adsorption coefficient of X-rays using the STIM-CT data,
without which the contour would be falsely enhanced. Nd
existed both in the central region and the outer surface.

Especially, the central region had a higher Nd
concentration. The recovery rate of the elements could be
improved by investigating the structure of the adsorbent
based on visualizing the elements using PIEX-CT
[2]{1-56}

References
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[2] T. Satoh et al., Nucl. Instrum. Meth. Phys. Res. B, 371,
419-23 (2016).
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Fig. 1. Beam pulse trains of the 50 MeV “He?" beam measured
by plastic scintillators using the P- and S-choppers.
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Fig. 2. Cross-sectional distributions of Nd in the adsorbent,
obtained by PIXE-CT and modified ML-EM image reconstruction
from projection images with 9 resolution. The calibration bar
indicates the relative concentration in each tomogram.

_22_



Part 11



Part 11

1. Materials Science

1-01 Epitaxial Layer Thickness Dependence of Charge Collection in SiC Schottky
Barrier DiOdeS ..................................................... 29
T. Makino, S. Onoda, N. Hoshino, H. Tsuchida and T. Ohshima

1-02 Experimental Study on Radiation Effects on Magnetic Tunnel Junctions 4 +« - - 30
D. Kobayashi, K. Hirose, S. Ikeda, H. Sato, E.C.I. Enobio, T. Endoh,
H. Ohno, T. Makino, S. Onoda and T. Ohshima

1-03  Frequency Dependence of Single Event Transient (SET) Error Rate for Silicon
on Insulator (SOI) Devices ==« ¢+t overersrrreeseneterinutteinuteennnne. 31
K. Sakamoto, A. Maru, H. Shindou, S. Kuboyama, K. Suzuki,
A. Takeyama and T. Ohshima

1-04 Study on Radiation Resistance of Inverted Metamorphic Triple-junction
SOlaI‘ Cells ......................................................... 32
Y. Shibata, T. Nakamura, T. Sumita, M. Imaizumi, S-I. Sato
and T. Ohshima

1-05 Irradiation Effects of Ni ions on AlGaN/GaN High Electron Mobility
Transistors ........................................................ 33
S. Onoda, T. Ohshima, H. Sasaki, Y. Nabeshima, T. Hisaka, K. Kadoiwa,
H. Koyama, Y. Kamo and Y. Yamamoto

1-06 Minority Carrier Traps in GaAs Devices with Embedded InAs Quantum
DOt Layers ........................................................ 34
S-1. Sato and T. Ohshima

1-07 Study of the Thermal Recovery for Si:C S/D n-MOSFETSs « ¢ cceceeceecceeee 35
K. Takakura, I. Tsunoda, M. Yoneoka and M. Sugiyama

1-08 Soft Error Tolerance of Redundant Flip-Flop by Heavy-lon Beam Tests
in 65 nm Bulk and FDSOI Processes ................................... 36
J. Furuta, E. Sonezaki, M. Hifumi and K. Kobayashi

1-09 Proton Irradiation Effects on InAsSb Quantum-Well-Based Hall Sensors « <<« - 37
H. Okada, A. Aberrahmane, 1. Shibasaki, A. Sandhu, A. Wakahara, S-I. Sato
and T. Ohshima

1-10 Research of the Radiation Tolerance in Space Environment of General
EleCtrOHiC DeViCCS .................................................. 38
T. Maeda, K. Tomita, Y. Kakehashi, K. Akashi, T. Ohshima, S. Onoda
and T. Makino

1-11 Fabrication of Quantum Registers and Array of Quantum Sensors in Diamond
by Nano-Hole Ion Implantation ....................................... 39
J. Isoya, T. Umeda, S. Onoda and T. Ohshima

_23_

QST Takasaki Annual Report 2015



1-12

1-14

1-15

1-16

1-20

1-21

1-22

Investigation of Deep Levels in Diamond by Transient Charge Spectroscopy

Wlth HeaVy IOn Microbeam .......................................... 40
T. Kamiya, Y. Ando, Y. Kambayashi, W. Kada, S. Onoda, T. Makino, S. Sato,
H. Umezawa, Y. Mokuno, S. Shikata, O. Hanaizumi and T. Ohshima

Preparation of Copper Nanocones in lon-Track Membranes of Polyimides =« - - - 41
H. Koshikawa, S. Yamamoto, M. Sugimoto, S. Sawada and T. Yamaki

Catalytic Activity of Pt Nanoparticles on a Glassy Carbon Substrate

Pre_Irradiated Wlth Ar IOHS ........................................... 42
K. Kakitani, T. Kimata, T. Yamaki, S. Yamamoto, D. Matsumura,
I. Shimoyama, A. Iwase, T. Kobayashi and T. Terai

Ion-Track Grafting of Vinylbenzyl Chloride into Poly(ethylene- co-
tetrafluoroethylene) Films:Comparison between Different [ons =« ccececeeeee 43
N. Nuryanthi, T. Yamaki, S. Saiki, A. Kitamura, H. Koshikawa,
K. Yoshimura, S. Sawada and T. Terai

Improvement of HI Concentration Performance Using Crosslinked
RadiatiOn-Grafted Membranes ........................................ 44
N. Tanaka, S. Sawada, T. Yamaki, S. Kubo and T. Terai

Development of Radiation-Grafted Cation-Exchange Membranes

for Redox-Type Reactors in the IS Process « =+ s cereercercercecceceeceees 45
M. Nomura, T. Kodaira, T. Kimura, A. Ikeda, Y. Naka, Y. Nishijima,
S. Imabayashi, S. Sawada, T. Yamaki, N. Tanaka and S. Kubo

Reproduction of Heavy-lon Irradiation Effect on Organic Polymers Using
Radiation Transport Simulation Code ***cccccseeseescesccsccsccscescnncs 46
T. Ogawa, T. Yamaki and T. Sato

Design and Fabrication of Near-Perfect Optical Absorbers Using Etched

Ion TraCkS ........................................................ 47
K. Amemiya, H. Koshikawa, T. Yamaki, Y. Maekawa, H. Shitomi,
T. Numata K. Kinoshita, M. Tanabe and D. Fukuda

Atomistic Transformation Processes Due to the Correlation of Implanted N-Ions
Wlth Tl Thln FllmS .................................................. 48
Y. Kasukabe, H. Shimoda, S. Yamamoto and M. Yoshikawa

Development of Hydrogen Permselective Membranes by Radiation-induced
Graft Polymerization into Porous PVDF Films * s cvececevecececcecececen. 49
S. Hasegawa, S. Azami, S. Sawada and Y. Maekawa

Synthesis, Characterization, and Alkaline Stabilities of Radiation Grafted
4-Vinylimidazolium-Based Anion Conducting Polymer Electrolyte
Membranes ....................................................... 50
K. Yoshimura, S. Watanabe, A. Hiroki, H. Shishitani, S. Yamaguchi,
H. Tanaka and Y. Maekawa

_24_

QST Takasaki Annual Report 2015



1-23  Anisotropic Swelling of Hydrogel Nanowires Fabricated by Single Particle
Nanofabricati()n Technique (SPNT) .................................... 51
M. Sugimoto, S. Tsukuda, T. Yamaki and S. Seki

1-24  Nitrogen Doping in Carbon-Based Cathode Catalysts Using Electron Beam
ProceSS ........................................................... 52
M. Sugimoto, T. Ohta, S. Yamamoto, H. Koshikawa, T. Yamaki
and T. Hagiwara

1-25 Utilization of Ion Implantation for Synthesis of Nitrogen-doped Carbon
Material Wlth Catalytlc ACthlty ....................................... 53
A. Idesaki, M. Sugimoto, S. Yamamoto, M. Taguchi and T. Yamaki

1-26 Formation Mechanism of Nanometer-sized Pores in Polymer-derived Silicon
Carbide Fllm by Pyrolysis ............................................ 54
A. Takeyama, A. Idesaki, M. Sugimoto, S. Yamamoto and M. Yoshikawa

1-27 Design of Functional Interfaces of Fuel Cell Materials <« coceceececececees 55
T. Mori, K. Takahashi, S. Chauhan, A.Suzuki, S.Yamamoto,
Y. Mackawa, A. Hiroki, K. Yoshimura and T. Kobayashi

1-28 Oxygen Reduction Activity of Iron and Nitrogen Doped Carbon Films =+« -+~ - 56
S. Yamamoto, A. Shimada, T. Hakoda, M. Sugimoto, H. Koshikawa
and T. Yamaki

1-29  Photoluminescence Properties of lon-implanted Phosphorous- and
Boron_codoped Sl Nanocrystals ....................................... 57
T. Nakamura, S. Adachi, M. Fujii, H. Sugimoto, K. Miura and S. Yamamoto

1-30 Synthesis of New-structured Multi-walled Carbon Nanotubes inside Silicon
Carbide NanOtUbeS ................................................. 58
T. Taguchi, S. Yamamoto and H. Ohba

1-31 Improvement on Hydriding Characteristics for Hydrogen Storage La-Ni Based
Alloy by JonBeam “**ccccccccecseecccsscsccsssccssssccsssscssssccsss 59
H. Abe, S. Ohnuki, Y. Matsumura and H. Uchida

1-32  Vacancy-Induced Magnetism in ZnO Probed by Spin-Polarized Positron Beam *+ 60
M. Mackawa, H. Abe, S. Sakai and A. Kawasuso

1-33  Lattice Structure Transformation and Change in Surface Hardness of Ni3Ta
Intermetallic Compounds Induced by Energetic lon Beam Irradiation « =+« -« - 61
H. Kojima, Y. Kaneno, S. Semboshi, Y. Saitoh and A. Iwase

1-34  Amorphization of NiTi Intermetallic Compounds Induced by Energetic lon
Bombardment ccccccccccccccccccccccccccccccccccccccccccccccccccccc 62
M. Ochi, H. Kojima, Y. Kaneno, F. Hori, S. Semboshi, Y. Saitoh
and A. Iwase

1-35 Clustering of Metal Atoms by High Energy Ion Implantation in Silica Glass
and the Effects on Magnetic and Optical Properties « =+ cccsvecerecececee.e 63
K. Fukuda, Y. Fujimura, Y.Yamamoto, Y.Okamoto, S. Semboshi, Y. Saitoh
and A. Iwase

_25_

QST Takasaki Annual Report 2015



1-36

1-37

1-38

1-39

1-40

1-41

1-42

1-43

1-44

1-45

1-46

1-47

1-48

1-49

Depth-Directional Magnetic Modification for Bulk FeRh by High Energetic
Ion_h-radiation ..................................................... 64
R. Soma, A. Iwase, Y. Saitoh, R. Ishigami and T. Matsui

Synergetic Effect of He, H and Displacement Damages on Irradiation Hardening
and MiCI’OStI'UCtUI'CS Of F82H ......................................... 65
D. Hamaguchi, M. Ando and H. Tanigawa

Helium Effects on Hardening Behaviors of Ni Metal and Austenitic Stainless
Steel Irradiated up to 200 dpa ......................................... 66
N. Okubo and N. Ishikawa

Simultaneous Irradiation Effect of He and H with Displacement Damage
on Swelling Behavior Of T9l Steel oooooooooooooooooooooooooooooooooooooo 67
N. Okubo and N. Ishikawa

Morphology Change of CeO, Thin Film Induced by He Precipitation =+« 68
H. Serizawa, S. Yamamoto, K. Yasunaga

Evaluation of Irradiation Resistance of ODS Ferritic Steel for Fast Reactor
Application ....................................................... 69
T. Tanno, H. Oka, S. Ohtsuka, Y. Yano and T. Kaito

Void Swelling Resistance of High-Nickel Alloy during Irradiation =+« «-- 70
T. Inoue, S. Yamashita, I. Yamagata, S. Ohtsuka, T. Kaito and I. loka

Proton Irradiation Effect on Mdssbauer Effect of the FegsNiss Alloy «c e« ce - 71
M. Matsushita, H. Wada, Y. Saito and S. Kitao

Effect of Damage Depth Profile on Hydrogen Isotopes Dynamics in Tungsten * -+ 72
Y. Oya, K. Yuyama, H. Fujita, S. Sakurada, Y. Uemura, C. Hu,
T. Miyazawa and T. Chikada

Effects of Ion Irradiation on Hardness and Microstructure of Pure Tungsten* -« -+ 73
K. Ozawa, T.-H. Hwang, M. Fukuda, S. Nogami, A. Hasegawa
and H. Tanigawa

Irradiation-Induced Microstructural Changes of Highly-Crystalline SiC Fibers -+ 74
T. Nozawa, K. Ozawa and H. Tanigawa

Gamma Ray Irradiation Effect of Ceramics * =« s occevcercerceccecceccecces 75
M. Kinsho, S. Takeda, B. Mikashima and J. Sugawara

Evaluation Trial for the Lifetime of Charge Stripper Foils in the 3-GeV RCS

Of J_PARC ......................................................... 76
Y. Yamazaki, M. Yoshimoto, P. K. Saha, M. Kinsho, T. Taguchi,
S. Yamamoto and I. Sugai

Radiation Resistance Test of Insulation for JT-60SA In-vessel Coils <=« ---- 77
D. Tsuru, H. Murakami, M. Takechi, A. Sukegawa and Y. Koide

QST Takasaki Annual Report 2015



1-50 Radiation Tolerance Test of the Rotation Target for the J-PARC Beam Scraper
and the ILC POSitron Source .......................................... 78
T. Omori, K. Hirano, Y. Yuri, R. Yamagata, T. Takahashi, M. Kuriki,
K. Nanmo, T. Sugimura, J. Urakawa and K. Yokoya

1-51 Survey of Consumer Electronic Parts in the 3D Scanner with Radiation
Resistance ........................................................ 79
M. Nakamura, T. Muramatsu and H. Abe

1-52  Degradation Behavior of Surface-mounted LED by Gamma Irradiation « =+« -+« - 80
T. Takeuchi, N. Otsuka, T. Uehara, H. Kumahara and K. Tsuchiya

1-53 Irradiation Test of Semiconductors Components on the Shelf for Nuclear
RObOtS Based on FUkUShima ACCidentS .................................. 81
S. Kawatsuma, K. Nakai, Y. Suzuki and T. Kase

1-54 Development of Radiation-Resistant Braided Aramid Fiber Bar + =« ccceccee-- 82
K. Izumi, K. Oka , R. Yamagata and M. Kamikawa

1-55 Element Distribution Measurement in Incineration Ash Using Micro-PIXE
ANALYSIS * ¢ v v vt et 83
T. Abe, T. Shimazaki, T. Nakayama, O. Ohsone, T. Osugi, O. Nakazawa,
Y. Yuri, N. Yamada and T. Satoh

1-56 Distribution of Zr Inside an Adsorbent for the Extraction Chromatography

Technology ....................................................... 84
S. Watanabe, Y. Sano, R. Abe, T.Arai, M. Koka and T. Satoh
1-57 Alpha-ray Degradation of Adsorbents for MA Recovery =« ecececcecereee 85
S. Watanabe, Y. Sano, H. Kofuji and M. Takeuchi
1-58 Gamma-ray Degradation of HDEHP Adsorbents for MA Recovery « <« 86

S. Watanabe, Y. Sano, H. Kofuji and M. Takeuchi

1-59 The Hydrogen Gas Generation by Electron-beam Irradiation from ALPS
Adsorbents Solidified by Several Inorganic Materials * =+ ccceceerceccecce.s 87
J. Sato, S. Suzuki, J. Kato, T. Sakakibara, Y. Meguro and O. Nakazawa

1-60 The Hydrogen Gas Generation by Gamma-ray Irradiation from ALPS
Adsorbents Solidified by Several Inorganic Materials «««cccececececcecece. 88
J. Sato, S. Suzuki, J. Kato, T. Sakakibara, Y. Meguro and O. Nakazawa

1-61 Hydrogen Generation from Cement Solidified Sample Loading Carbonate
by Gamma II‘l‘adiation ............................................... 89
Y. Itoh, F. Satoh and J. Kojima

1-62 Effect of Seawater on Corrosion of SUS316L in HAW under y-ray Irradiation - 90
H. Ambai, Y. Nishizuka, Y. Sano, N. Uchida and S. Iijima

1-63 Radiolytic Hydrogen Absorption Behavior of Explosive Bonded
Zr/Ta/R-SUS304 Joint in Nitric Acid Solution under Gamma-ray Irradiation * -+ 91
Y. Ishijima, F. Ueno and H. Abe

QST Takasaki Annual Report 2015



1-64

1-65

1-66

1-67

1-68

1-69

1-70

1-71

1-72

1-73

1-74

1-75

1-76

Effects of Gamma-ray Irradiation on the Inhibitive Effects of the Sodium
Pentaborate against the Corrosion of Carbon Steel in the Diluted Seawater « « - -
T. Satoh, C. Kato, F. Ueno and M. Osaka

Electrochemical Properties of Stainless Steel in Zeolites Containing Diluted
Artificial Seawater under Gamma-rays Irradiation « =+ s ccccerececececeeeeees
C. Kato, T. Satoh, J. Nakano and F. Ueno

Studies on Radiolysis Behavior of Carbonate Slurry under Co-60 Gamma-ray
IITadiatiOn .........................................................
R. Nagaishi, T. Motooka, I. Yamagishi, M. Inoue and T. Matsumura

Gas Retention Behavior of Carbonate Slurry under Gamma-ray Irradiation « -+ - *
T. Motooka, R. Nagaishi and I. Yamagishi

Radiation-Induced Degradation of 2-Chrolophenol in Zeolite/Water Mixture * * *
Y. Kumagai, A. Sugawara, Y. Segawa and M. Watanabe

Microfabrication of Biocompatible Hydrogels by Proton Beam Writing *«+« <+«
N. Nagasawa, A. Kimura, A. Idesaki, N. Yamada, M. Koka,
A. Shimada, T. Satoh, Y. Ishii and M. Taguchi

Crosslinking Mechanisms of Polysaccharides in lonic Liquids by Ionizing
Radiation .........................................................
A. Kimura, N. Nagasawa, A. Shimada and M. Taguchi

Grafted Polymer-based Cationic Catalyst for Biodiesel Fuel Production =+« -« -
Y. Ueki, S. Saiki, H. Hoshina and N. Seko

A New Modification Method for Introducing of Functional Unit and Its Practical
Application .......................................................
T. Hosoe, S. Muraki, M. Nakano, H. Amada, H. Hoshina and N. Seko

Research for Antivirus Material with Electron Beam-Induced Graft
POlYMETiZation =« + st v e e eereereeeteeteinttinttittiiettieteantenne.
T. Hayata, E. Takahashi, Y. Jikihara, T. Nakayama, Y. Ueki, N. Kasai
and N. Seko

Surface Modification of PA66 by Radiation Grafting « =« ccecececercecece.

T. Makabe, H. Saito, K. Masubuchi, H. Sando, N. Mizote, Y. Ueki
and N. Seko

Vanadium Recovery from Seawater by Radiation-Grafted Adsorbents Based
on Polyethylene Terephthalate Fiber « +«+ =+ cocereeeeencncacaeeeenenene.
S. Saiki, N. Kasai, N. Seko, T. Oida and K. Yamagishi

Modification of Porous PTFE Filters with Highly Hydrophilic Properties
by Radiation Grafting TeChniqueS ......................................
J. Chen, N. Kasai, H. Hoshina and N. Seko

_28_

QST Takasaki Annual Report 2015

92

100

103



1-01

Epitaxial Layer Thickness Dependence of Charge

Collection in SiC Schottky Barrier Diodes

T. Makino a), S. Onoda a), N. Hoshino b), H. Tsuchida® and T. Ohshima®

al)Department of Advanced Functional Materials Research, TARRI, QST,
® Material Science Research Laboratory, Central Research Institute of Electric Power Industry

One of the catastrophic failures in semiconductor devices
induced by the incidence of ions is known as Single Event
Burnout (SEB). The issue of SEB arises in 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. Silicon carbide can
endure an electric field about eight times greater than silicon
High
breakdown electric fields allow for very high-voltage,

or GaAs before exhibiting avalanche breakdown.
high-power devices.  Permanent malfunctions can be
induced in power devices by SEBs, and the probability of
SEBs increases with increasing electric field in the device".
However, SEB in SiC devices is not yet fully understood.
To understand the mechanisms of SEB, we investigated
epitaxial layer thickness dependence of charge collection in
SiC Schottky Barrier Diodes (SBDs).

The samples used in this study were SiC-SBDs fabricated
on either a 25 um or 69 pum thick n-type 4H-SiC epitaxial
layer grown on an n-type 4H-SiC substrate by Chemical
Vapor Deposition (CVD)?. The donor concentration in the
25 and 69 pm epitaxial layers were 4.7 x 10'* and 9.1 x
10" /em?®, respectively.  Schottky contacts with 1x 1 mm®
(80 nm thick) were formed on the epitaxial layers using the
deposition of Ni.

The anode of the samples was grounded and the cathode
biased +100 V, +200 V, and +400 V by a high-voltage
supply via a charge-sensitive pre-amplifier (ORTEC 142C).
Collected charge signals from the pre-amplifier were shaped
as voltage-pulses having pulse-heights proportional to the
collected charges. The pulse-height distributions analyzed
by Pulse-Height Analyzer (PHA) basically correspond to the
collected charge distribution. The absolute value of the
collected charge in SBDs was calibrated using Si-Solid State
Detector. The heavy ion irradiation was performed at the
Takasaki lon Accelerators for Advanced Radiation
Application (TIARA) Takasaki, Japan®. The SBDs were
irradiated with a broad beam of 322 MeV Krypton (Kr) at an
irradiation angle of 0 degrees in a vacuum chamber. The
projected ion range in the SiC epi-layer was estimated to be
27 um by a simulation code SRIM®.  The depletion region
thickness of SBDs with the 25 and the 69 um epi-layers at
400 V are estimated to be 25 and 22 pm from their
capacitance-voltage characteristics respectively. Note that
the 25 pum epi-layer is fully-depleted. Thus, the electric
field in the depletion region of SBDs with the 25 and 69 um
epi-layers at 400 V are 0.16 and 0.18 MV/cm, respectively.
In addition, the values of charge induced in the depletion

region of SBDs with the 25 pm and 69 pum epi-layers are
calculated to be 6.4 pC at 400 V, respectively.

Figure 1 is the histograms of ion-induced charge
collection from SBDs. Counts of ion-induced charge
collection events are plotted as a function of measured
collected charge value. An ion-induced peak for SBDs was
observed at each bias. In the case of 100 V and 200 V, the
peak values are smaller than 6.6 pC, which corresponds to
the charge value theoretically induced in 4H-SiC by
fully-stopped 322 MeV of a Kr ion (dashed line in Figure).
On the other hand, the peak for both SBDs shifts to higher
values than 6.6 pC at a bias voltage of 400 V. Thus, this
indicates that more anomalous charge than the theoretical
value is collected from SBDs at a bias of 400 V. Here, the
peak values of the collected charges at 400 V are 9.6 and
7.7 pC, respectively, as shown in the figures. As a result,
the gain of ion-induced charge on the depletion region of
SBDs with the 25 pm and 69 um epi-layers is estimated to
be 1.5 and 1.3 by comparing with theoretically maximum
charge collection, respectively. The value of charge
anomalously collected from SBD with 25 pm epi-layer is
larger than that from SBD with 69 pm epi-layer in spite that
the electric field in the former one is lower than the later one.
From these results, we can assume that the relation between
the ion ranges in a SiC SBD and the epi-layer thickness of
the SiC SBDs is a key to clarify the mechanism of
anomalous charge collection. This is useful information
for simulation study of charge collection in future work.

a0 ?5 #m Epi o0 . . €9 pm Epi

cof 400V sof _77pc 400V
_4aof 9.6 pC ] _4aof
3 20f < 1 3 2f
A 1 G
5 sol 200V .E GOE 200V
§ a0} ] § 40f
@ 200 1 9 20
o 100V <] 100V
S 60, S 607

40 40f

20 J 6.6 pC 20¢ 6.6 pC

o 0 . n ,

0 5 10 15 20 0 5 10 15 20

Collected Charge (pC) Collected Charge (pC)

Fig. 1 Collected charge spectra from SBDs with 25 pm

thick and 69 um thick epitaxial layers.
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Experimental Study on Radiation Effects on

Magnetic Tunnel Junctions 4
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Si-based electron devices such as central processing units
or CPUs play vital roles in today's information technology.
Miniaturization of their structures has progressed for more
than 50 years to increase their operating speeds, and thereby
leading to undesired increases in their power consumption
To overcome these hurdles,
spintronics, an electron device technology reinforced by
magnetization- or spin-dependent phenomena, is promising.

Magnetic tunnel junctions (MTJs) are the key structure of
the technology. They usually consist of a stack of layers
that include a tunnel insulator film sandwiched by two

and susceptibility to radiation.

ferromagnetic layers. Each MTJ works as a two terminal
resistive device, interestingly offering two stable resistance
states, low or high (Rp or R,p), which are respectively
dependent on the relative directions of the magnetizations
programmed in those ferromagnetic films, i.e., parallel (P)
or anti-parallel (AP). Digital signal processing in the
spintronics, in general, relies on this bi-stable feature.

It has been said that MTJs are immune to radiation,
Compared to
tested devices in those previous works, on the other hand,

which is so far supported in the literature.

recent, advanced MTJs are way smaller and dependent on a
new switching mechanism that stems from spin transfer
torque (STT). Their radiation sensitivity is not yet
completely understood. To address this concern, we have
been carrying out an experimental study in the TIARA
facility since 2011. Our previous reports'™® demonstrate
no radiation-induced switching in tested MTJs, which are
characterized by its diameter D of 70 nm, during 15-MeV
Si*', 15-MeV Fe*', and 400-MeV Fe'>* irradiation. This
annual report delivers a review of our recent results”, which
come from MTJs further downsized to D of 40 nm.

The samples are fabricated in Tohoku University ©
through the same process recipe as that in our previous
works. Each MTJ pillar is fabricated between two metal
layers, electrodes for measurement, so as to connect them
It should be noted that the samples
conform to perpendicular anisotropy, which stems from a

like a "via" metal.

careful design of CoFeB ferromagnetic and MgO insulator;
hence the samples are denoted as p-MTJ hereinafter.

In a vacuum chamber at the end of the HE2 port, the
p-MTlJs received 400-MeV Fe'**ions from the K=110 AVF
cyclotron. During the irradiation, a small voltage bias of
0.1 V was fed to each sample so as to monitor its resistance
evolution as a function of time.

400-MeV Fe beam (2 x 108 jons/cm?s)

IR RN 1T
e ||| opene [
g 20 ————— ——————
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5 bR ,,,__.”_,,,,
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Fig. 1 Measured resistance evolutions of p-MTJs exposed
to 400-MeV Fe'** bombardments. Here the asterisk
signs indicate the biased states, which are slightly
different from the unbiased AP and P configurations.

Figure 1 shows experimental results, in the top of which
abrupt resistive switching between AP and P states is
observed during the irradiation. The result reveals for the
first time, to our knowledge, that MTJs can react with heavy
ions. As seen in Fig. 1(bottom), on the other hand, another
sample that has a larger diameter than the flipped one
This fact indicates that D is a

characteristic parameter to describe the phenomenon, from

exhibits no switching.

which we have developed a possible reaction model so as to
discuss the potential risk, data loss frequency, of the p-MTJ
exposed to the space radiation environment. It is expected
to be negligibly small for practical use, more specifically, as

small as that of a commercial radiation-hardened memory”.
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Frequency Dependence of Single Event Transient (SET)

Error Rate for Silicon on Insulator (SOI) Devices
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As space missions have been upgraded more and more,
the requirement to data processing performance of Micro
Processing Unit (MPU) for space becomes a critical issue.
The solution of this issue is to develop semiconductor
devices (transistors) which has excellent operating speed
and low power consumption. Generally, performance of
transistors can be improved by downsizing which is called
scaling theory. However, it is difficult to apply smaller
size transistors to the space-crafts. In such a small size
transistors, radiation effects called Single Event Effect
As transistors based on
Silicon on Insulator (SOI) structure have smaller active
region than bulk silicon one, SEE tolerance is excellent

compared with bulk silicon .

(SEE) tend to be easy to occur.

Especially, Single Event
Latch-up (SEL) never occurs in this device.

Heavy ion irradiation test was performed on MPU with
256 kbits SRAM-cells which was fabricated by using
0.15 pm FD-SOI process with radiation hardness by design
(RHBD) technique. One-bit SRAM cell have 12- transistors
because a pair of transistors is used for the purpose of
enhancement of radiation tolerant. However, it remains the
radiation sensitivity at “Read-Out” time (Fig. 1). As
shown in Fig. 1, soon after the transfer gate opened, the
signal levels of both bit-line pairs are considerably near
value. Therefore, bit-error caused by SET is easy to occur
in this duration. In this study, MPU operation frequency
dependence of SET for SRAM cells was evaluated. Heavy
ion irradiation testing was performed with constant flux of

1E+4 particles/cm%/sec and total fluence of 5E+7 particles/cm’.

4 Transfer gates are opened —

| —— \ v
Pre-charge

5O Vo

| Transfer Gate Trans fer Gaic |

Bit " Bit

vas VANNI

Y Sense timing

> time
Pre-charge Read-Out

Fig. 1 Read-operation sequence of SRAM-cell which is
implemented in the MPU.

Table 1 Heavy-ions used in this experiment.
Ion Energy LET@surface Range
(MeV) (MeV/(mg/cm?) (um)
Ne 75 6.5 389
Ar 150 15.8 36.0
Kr 322 40.3 373
Xe 1345 24.7 183

Retention data in the SRAMs were continually read and
If the
compared results are wrong, it is identified to be a bit error

compared with expected data during irradiation test.

occurred. Heavy ions listed in Table 1 were obtained from
the heavy-ion accelerator at the Japan Atomic Energy
Agency (JAEA) in Takasaki. A part of this work was
performed under the Shared Use Program of JAEA
Facilities.

Relationship of SET error rate versus operation
frequencies is shown in Fig. 2. MPU was operated with
500 kHz, 5 MHz, and 50 MHz operation frequency,
respectively.  No bit-error was observed by Ne ion
irradiation with LET of 6.5 MeV/(mg/cm?®). On the other
hand, a few bit-error was observed when heavy ions with
LET = 15.8 MeV/(mg/cm®) were irradiated. Note that the
SEU tolerance of this device is confirmed up to LET of
40 MeV/(mg/cm?) at the previous static test. “Static test”
means that the SRAM-cell is in standby state with data
holding while heavy ion irradiation. This result suggested
that the bit-error by SET may occur, although SRAM cells
were applied RHBD technique.
correlation between frequency and SET error rate in Fig. 2.

It seems that there is week

However, the increase in cross section is not simply
proportional to operation frequency. It means that SET
tolerance of these SOI SRAM-cells is not explained the total
amount of “Read-Out” time (Fig. 1) in an irradiation test.
There may be cause of SET error that is not related
operation frequency dependence. Due to clarify frequency
dependent presence as the next step, additional experiment

of extended operation frequency is needed.

Reference
1) P. E. Dodd et al., IEEE Trans. Nucl. Sci., 48, 1893-903
(2001).
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Fig. 2 Operate frequency dependence of SET based SEU
error.
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InGaP/GaAs/InGaAs inverted metamorphic (IMM)  Reference
triple-junction (3J) solar cells are expected to be applied to 1) T. Takamoto et al, IEEE 40th Photovolt. Specialist

space because of their high conversion efficiency, high Conf. (PVSC) (2014).
radiation resistance, light-weight and flexibility .
Radiation resistance is one of the important properties for
space solar cells. We should well understand radiation 1 %;:;'
response of electrical output characteristics, such as SR | Fy
degradation curves and relative damage coefficients (RDCs), 09 1‘
in order to improve radiation tolerance of solar cells and also 5 i NN
accurately predict degradation of performance in orbit. g 08 * .
In this study, we prepared two types (Type-A and "'6) \\‘
Type-B) of IMM 3J solar cells with the size of 2 cmXx2 cm g 0.7
to compare the radiation resistance. Type-A is designed @
with an emphasis on radiation resistance for geostationary %
orbit applications. Type-B is designed with higher initial x 06 @ Type-A lsc OType-B Isc \
convertion efficiency for low earth orbit or short-term ®Type-AVoc  OType-B Voc :\
mission applications. No cover-glass or film was applied 05 R AType-APmax AType-B Pmax
to the front surface of the cells so that there is no shielding B Type-A FF OType-B FF }\
effect. ~ The cells were irradiated with protons with 0.4 e
following energies; 50 keV, 200 keV, 3 MeV and 10 MeV. 1.E+10 1.E+11 1.E+12 1.E+13 1.E+14
Then remaining factors of short-circuit current (Isc), 10MeV-Proton Fluence (cm-2)

open-circuit voltage (Voc), maximum power (Pmax) and fill

factor (FF) were calcurated from I-V characteristics under Fig. | Degradation curves of Isc, Voc, Pmax and FF for

air mass zero (AMO) illumination before and after the the IMM 37J cells irradiated with 10 MeV protons.
irradiation.  Finally, we calcurate RDCs by the ratio of the

fluence at certain specified degradation levels (e.g. 80% of

Pmax) between 10 MeV and each energies. According to 100 | —®—Type-Alsc -G--Type-B Isc
SRIM simulation, 50 keV and 200 keV protons intensively —| —®—Type-AVoc -@--Type-BVoc |
make damage to the InGaP top-cell and the GaAs g ——A—Type-APmax _ --A--Type-B Pmax_}
middle-cell, respectively. Three MeV and 10 MeV protons E R
make damage to all the sub-cells uniformly. 2 JARN

Figure 1 shows degradation curves of Isc, Voc, Pmax and % K ‘\\
FF for the IMM 3J cells irradiated with 10 MeV protons. 2 /| / :\ .
The remaining factor of Isc for Type-A is superior to that of g 10 G S
Type-B. It is due to a result of the current margin design of O ‘:‘ 7 AL z ] .’*
the sub-cells. While Type-A and Type-B have almost _g / :-h;‘é. ‘:.
equal degradation tendency in Voc, the remaining factor of © Al ‘/' I ‘\“
Pmax for Type-A is inferior to that of Type-B. It is caused & /] 1 \\‘\ X 1
by the FF degradation. Therefore, it should be clarified "" M ,,-’ N
that difference of the FF degradation tendency between 1 @
Type-A and Type-B. Figure 2 illustrates RDCs for the 0.01 0.1 1 10

IMM 31J cells proton energy. Radiation resistance of the
IMM 3J cells compares with that of conventional Proton Energy (MeV)
InGaP/GaAs/Ge 3J cells. Therefore, the IMM 3] solar
cells can be said to have sufficient radiation resistance for
space applications.

Fig. 2 Relative damage coefficients for the IMM 3J cells
on proton energy.
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Irradiation Effects of Ni ions on AlGaN/GaN

High Electron Mobility Transistors
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b), T. Hisaka b), K. Kadoiwa b),

H. Koyama b), Y. Kamo " and Y. Yamamoto "

2) Department of Advanced Functional Materials Research, TARRI, QST,
®) High Frequency & Optical Device Works, Mitsubishi Electric Corporation

AlGaN/GaN High Electron Mobility Transistor (HEMTs)
is one of the most promising candidates for a high-frequency
and high-power electronics. The benefit of AlGaN/GaN
HEMTs is that compact, lightweight, and energy-efficient
devices operating at high temperature can be developed.
Moreover, AlGaN/GaN HEMTs are known to be resistant to
radiation damage owing to its high displacement energy.
To wuse AlGaN/GaN HEMTs in a space radiation
environment, it is necessary to understand the response to
variety of radiations. The previous study investigated the
change in electrical properties of AlGaN/GaN HEMT "2,
In this study, for more detailed investigation of the
displacement damage, we have applied various methods of
observation such as Photo-Emission Microscopy (PEM),
Optical Beam Induced Resistance Change (OBIRCH) and
Photo-Luminescence (PL) spectroscopy .

The device under test was the conventional AlGaN/GaN
HEMTs fabricated at Mitsubishi Electric Corporation.
Nickel ions were irradiated using the focused microbeam
system at National Institutes for Quantum and Radiological
Science and Technology (QST), Takasaki Ion Accelerators
for Advanced Radiation Applications (TIARA) facility.
PEM and OBIRCH were measured using Hamamatsu
Photonics PHEMOS-1000 with biases of V gq=-70 and -10V,
respectively.

Figure 1 shows the PEM, OBIRCH and PL images
before and after the 18 MeV-Ni ion irradiation at 7%
10" jons/cm®.  For the un-irradiated samples, the relatively
uniform emission is observed for all measurements. After
Ni ion microbeam irradiation, each image shows decrease of
intensities at the center of gate electrode. The dotted
squares in Fig. 1 show the irradiation area. The decrease in
PEM intensity indicates a decrease in drain current or
electric field at the irradiated area. The OBIRCH image
indicates a resistance change caused by laser beam
irradiation.  Therefore, the decrease in the intensity is
caused by a decrease in leakage current. The PL image
also shows a decrease in intensity at the irradiated area.
This indicates a degradation of crystal quality.

On the other hand to these optical measurements, the
electrical characteristics are evaluated. As a result, no
significant increase in leakage current is observed at the gate
Schottky electrode.
transfer conductance decrease with increase of irradiation

However, the drain current and
fluence. These decreases are caused by the reduction in
two-dimensional electron gas (2DEG) and carrier mobility

by the created crystal defects by the ion irradiation. The

threshold voltage does not show any change even if the
2DEG decreases, because there are both damaged and
undamaged regions in one transistor finger. The maximum
drain current is stable until 1x10'" jons/cm®.

We investigated displacement damage effects by heavy
ion irradiation on AlGaN/GaN HEMT. We found no
increases in the electric field concentration and leakage
current through ions irradiation by means of PEM, OBIRCH,
PL and electrical characteristics. This indicates a high
reliability of displacement damage for heavy
Degrading the device requires irradiation more than 1x
10" ions/cm® for Ni ions. Above results indicate that
AlGaN/GaN HEMT has a potential to be extremely tolerant
for the radiation environment of space.

ions.

. . Ni irradiated
Non-irradiated (7 % 102/em?)
source
sourc
PEM d
drain “drain
source source
OBIRCH
drain
source
PL
Fig. 1 Photo Emission Microscope (PEM), Optical Beam

Induced Current Change (OBIRCH) and Photo
Luminescence (PL) images before and after 18 MeV-Ni
jons irradiation at 7x10'* ions/cn’.
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Minority Carrier Traps in GaAs Devices with

Embedded InAs Quantum Dot Layers

S-1. Sato and T. Ohshima

Department of Advanced Functional Materials Research, TARRI, QST

I. Introduction

Since solar cells in spacecraft gradually degrade during a
mission due to space radiations such as trapped electrons
and protons, the radiation degradation behavior should be
known and the development of a prediction method of
radiation degradation is required. The mainstream of space
photovoltaics are III-V triple-junction (TJ) solar cells and
improvement of their efficiency and radiation tolerance by
embedding quantum dots (QDs) have been recently
considered. It is possible to increase the current generated
in solar cells by introducing QDs because of the increase in
absorption of longer wavelength light via an intermediate
band within the bandgap of the host material. In order to
apply this technology to space solar cells, radiation effects
on GaAs devices embedded with QDs should be clarified.
However, there are few reports on the direct measurement of
electronic defect states (e.g. deep level traps) of QDs, which
may play a direct role in the reduction of minority carrier
lifetime through increased non-radiative recombination.

In this study, minority carrier traps (hole traps) in GaAs
pn-junction diodes embedded with InAs QD layers are
investigated using Deep Level Transient Spectroscopy

(DLTS) and the origin of observed traps is discussed.

I1. Experimental

The samples were GaAs p'n diode with and without
embedded 10 layer InAs QDs, which are represented as
In the
10xQD sample, GaP strain compensating layers were

10xQD sample and baseline sample, respectively.

introduced so as to allow multiple layers of high quality
QDs to be grown. The baseline sample was the same as
the QD sample except that the QD region was not grown.
The samples were irradiated with 3 MeV protons at two
different fluences: 1x 10" cm™ and 7x 10" c¢m?

temperature.

at room
The measurement of DLTS was performed in
order to characterize minority carrier traps in the QD
structure.

II1. Results

Figure 1 shows variation of DLTS spectra of the 10xQD
samples due to 3 MeV proton irradiation. A large negative
peak appears at around 80 K, which is represented as Trap A
The peak height of Trap A didn’t change by

On the other hand, no peak was observed at

in the figure.
irradiation.
around 80 K in the baseline samples regardless of irradiation.
These results indicate that an unique minority carrier trap
appeared in the QD structure before irradiation and was
never enhanced by irradiation.

Activation energy (Et-Ey) and capture cross section

(o,) of Trap A was obtained by analyzing DLTS spectra.
The result is given in Table 1. It has been reported that a
similar minority carrier (hole) trap as Trap A was found in

GaP pn-junction devices " ?

and potentially related to
Ga-vacancies (Vg,)®. It can be concluded that Trap A
probably originates from Vg, in the GaP strain balancing
layers.

Vg. and Ga; pairs recombine immediately even at low

The creation of Vg, in GaAs are unlikely because

temperature ¥.  From its DLTS signal peak height, the
density of Trap A is estimated to be substantially large and
might cause a significant reduction to minority carrier
lifetime in the devices. Therefore, incorporation of Trap A
during the growth of GaP layers should be reduced in order

to improve the device quality.
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Fig. 1 Variation of DLTS spectra of the 10xQD samples

due to 3 MeV proton irradiation. The irradiation
fluences are shown in the figure and the peak location

(Trap A) is represented as shaded zone.

Table 1
minority carrier trap observed in Fig. 1.

Activation energy and capture cross section of the

ET - Ev Oy
Sample Trap (V) (em?)
10x QD A 0.093 3x10"
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The scaling of CMOS technologies leads to an intrinsic
hardening against certain radiation effects, like displacement
damage effect, so that the implementation of commercial-
of-the-shelf ULSI components and circuits for harsh
environments is becoming more popular.  There is
currently a strong interest in the development of deep
submicron CMOS on substrates with high-channel-mobility
materials and therefore methods for creating strained
channels like germanium or strained silicon are being
explored. One solution for these problems received special
attention, i.e., using strained Source and Drain (S/D). This
technique improves the carrier mobility by introducing
strain in the Si channel by using a hetero junction
technology, for example, carbon (C) addition to the S/D of
the MOSFETs. We have investigated the 2-MeV electron
irradiation effects and the relation between strained Si and
the electron mobility in Si:C S/D n-type MOSFETs". 1In
this study, the recovery behavior of 2-MeV electron
irradiated strained Si channel n-MOSFETs by thermal
annealing is studied.

The devices were fabricated at imec. The tensile strain
in the channel was achieved by the 1%-C doping in the S/D
by selective epitaxial growth using Reduced Pressure
Chemical Vapor Deposition. The channel length, channel
width and gate oxide film thickness are 0.25 pm, 10 pm and
1.5 nm, respectively. The samples were subjected to
2-MeV electrons at room temperature using the electron
accelerator of Japan Atomic Energy Agency (JAEA).
Electron fluence is 5% 10" e/cm®. Thermal annealing in
inert (N,) gas ambient was performed to the devices at the
temperature ranges up to 573 K for 15 min.

The recovery of channel mobility was observed by the
annealing, as shown in Fig. 1. When one assumes that the
recovery process is a first-order reaction®, the annealing rate
(1/7) is given by eq. (1)

_ N\ _ 1/uaa—1/uB
5 = , (M)

fi = exp( 1/pa-1/uB

where, f] is the unannealed fraction, t is the annealing
time. The paa and py denote the mobility after and before
annealing, respectively, and ppg is the mobility before
irradiation. The relationship between the annealing rate
and the activation energy of recovery process is defined as

v =voerp (—53). @

where k is the Boltzmann constant and v, and T the
frequency factor and annealing temperature, respectively.

Figure 2 shows the Arrhenius plot of 1/t versus annealing
temperature of the undoped and C doped devices.
Activation energies estimated from the Arrhenius plots are
0.10 eV and 0.11 eV for undoped and C doped devices,
respectively. The nature of the responsible defects is not
established at the moment. It is noted that the observation
of the same activation energy for both devices allows to
conclude C doping into S/D does not affect the creation of
defects in the channel region.
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Fig. 1 Annealing temperature dependence of the electron
mobility of undoped and C doped S/D n-MOSFETs after
the 5% 10'7 e/em? electron irradiation.
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Fig. 2 The annealing rates of the mobility for undoped and
C doped S/D n-MOSFETs after the thermal annealing.
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Soft Error Tolerance of Redundant Flip-Flop by

Heavy-Ion Beam Tests in 65 nm Bulk and FDSOI Processes
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We evaluated tolerance for soft errors of low power redundant FFs by combining redundant FFs and low power

techniques by heavy ions.
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DB DR E > TRIFHI KT 2 By hm T — 3
L TR0, =HACE OB RTPEIE T LT <
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o |
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)
B4,560bit BCDMR FF Array]
|

0,320 bit ACFF Arra

0,320bit TGFF Arra)

Fig. 1 Fabricated test chip and floorplan.

FFs were fabricated in 65 nm bulk and Fully-Depleted Silicon On Insulator (FDSOI) processes.

VT ATIX ZE LB THS BCDMR ThHY Y
hZ—34: 0T 5, BCDMR 132 FALEIE DO—FE THD
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FETHY, FDSOI ® TGFF X ACFF O J5 A& Mt T 5,
ACFF & TGFF % L3 2%&, ACFF OJ573 3-10 fEMmitED
B\, — 7T FDSOI 7’220 BCDMR TiET5—A35%
LD 0T, HARENT P RZH BOX BIZ& > THrBES
NTEY, ZEYI=T—0NFALIZ N2, FDSOI Tl
VI7hET—RAEURWEHERISNS, L EXY, FEHZEMH
TILFDSOI e R L BALRIE A A Gt 52T
IR T NET — iR B CEHI L E MR LT,
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Fig. 2 Cross sections of BCDMR and non-redundant FFs
in the bulk process.
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1-09 Proton Irradiation Effects on InAsSb
Quantum-Well-Based Hall Sensors

H. Okada®", A. Aberrahmane ®®, I. Shibasaki®, A. Sandhu®®, A. Wakahara?,
S-I. Sato® and T. Ohshima

9 Blectronics- Inspired Interdisciplinary Research Institute, Toyohashi University of Technology,
Department of Electrlcal and Electronic Information Engineering, Toyohashi University of
Technology, ° Department of Advanced Functional Materials Research, TARRI, QST

Proton irradiation effects on AlInSb/InAsSb/AlInSb quantum-well-based hall sensor is studied. Decrease of the
magnetic sensitivity was seen at a proton fluence of 10" protons/cm®. By increasing proton fluence, although the further

degradation of the sensitivity was confirmed, the decrease remained in single digit after the proton fluence of 10'® cm

-2

These results suggest that InAsSb quantum-well based hall sensor is suitable for irradiation environment.

B 2 AR — L YT — 2 D[RR 2R
WSS TRY, K/ NE— 20— R T (A7, DVD
RIAT 7 EIZH I TND, InSh A EHE, EHIRIZE
WTHT em?/Vs OFEWE T BENEZ R, Ml R
KR — LB L TR TWD, ZOXHICEE
TR BEREL TUASHWLN TS InSb RA—/L&
THDHN, ZIETITE ORI 0 B 2 B D Fr it
ITHEVRSN TR 5T, xR EIZ InAsSb ~T 12
EERI DR — /L3 10" protons/cm® O &\ T PR
BB RELEND RN EERELTE D, ARG T
1%, InSb RAR—/LEL P OB TR RS 25 _ob\f.ﬂf_ffﬂ
T —AEEDEELIL, R T RENRRDR— 1T
CHEREHZ W TH R E T o7,

Figure (@ IZRFHZHWEERABOBEELZ =T,
Alg;IngoSb Z[FEERE | InAsgSboo % &1 HFELET D~
THBETHY, SEIE, HFETHD InAsSb TR —&
LTSn%5%x10'%, 7x10'%, 107 ecm® R—E> 2 L7z, 74K
VT TT7 4=\ KO A T T AT TR A —Iv VB
EFR L, A—tr e L7z, TIARA IZ551F% 380keV
DS FRBE TIEREI D o r =D 7R B N3iTh
9 RBHOE RN 21T o7, Tl E RIS BER, B
KA & RO USRI EVEIR TITo72,
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magnetic Hall sensor used in this study, and (b)
dependence of sensitivity on proton irradiation fluence.
The inset shows sheet carrier density dependence on the
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Research of the Radiation Tolerance

in Space Environment of General Electronic Devices

T. Maeda ¥, K. Tomita®, Y. Kakehashi ¥, K. Akashi®,
T. Ohshima b), S. Onoda® and T. Makino®

% Advanced Engineering Services Co., Ltd. (AES),
® Department of Advanced Functional Materials Research, TARRI, QST

In small satellite development, general electronic commercial off-the-shelf (COTS) devices are needed to use due to

some severe restrictions of resource for installed components.

COTS devices in small satellite development.

For this reason, it is important to keep reliability for using

Therefore, in order to ensure reliability for small satellite, our company has

evaluated COTS devices mainly for tolerance of single event at Takasaki Advanced Radiation Research Institute (TARRI)

from fiscal year 2008.

IR NN A B OB I SR | RS
ROz AME, N L & VRS RE LA B RS T
%o TNBDERZ -T2, RABFEMOM HANE
FNTND, LINLRRE, —RENCRAE AT
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AT, Sl S AAFSERT O AVF YA rmhmy
No.12 HiifLE — AR RBREERE (5F 4 EA4A0E)IC
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i, LET (Linear Energy Transfer) Bf& CREME96
[ Cosmic Ray Effects on Micro-Electronics ( 1996
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Table 1 &0, AEY (SRAM) @ SEU (Single Event Upset) |
DA =22 73—%® SEL(Single Event Latch-up) . SEU &}
PLL >4 A% ® SEU OFAMEIFIEEL TS 1 4L
WO FABIFICH L CREL, H o7t i #2700
ZEMHERTTET, FERRITH WAL, RAEHELZE LT
RELETDRERD D, A A= P DOEHG R EIZHOUNT
b, ETORFET SEU OFAED AL, BREFIFICIT
INEZBETHLENGDD, A A= O SEL, REE)
1B, AV, PLL ¥ > YA SEL, KLU DA 22 /38— D
FEEEORAME L, BEL TS 1 ELW)OIE SR
WHRILT/hSL, o7t i 2 D2 LD R T
7

RBICREIChHD RAB ML, FHERECOMER
ZREL THREESNIZb O TR0 | ARBRORE H A
ERih B B OMER - EEDELEZ TR THOTIIRNENDD
ERFRELTHRL,

Table I  Single event probability.
. . LET Threshold | Cross-sectional area | Singlle Event Probability
Specimen Evaluation Item 5 N
(MeV/mg/cm”) (cm”) (event/year)
Image sensor
. EL 34 9.10E-07 1.13E-09
(With cover glass) S
Image sensor SEL 14 1.54E-06 8.08E-06
(Without cover glass) |Control software Error 3 3.33E-06 8.10E-04
SEL 14 9.84E-07 6.53E-06
SRAM SEU 0.001 1.98E-08 * 1.57E-06 **
SEL 5.9 1.52E-04 7.08E-03
DA converter SEU 0.014 8.19E-04 3.78E-01
Other Errors 14 7.59E-08 4.12E-05
. SEL 14 1.91E-06 1.04E-05
PLL synthesizer SEU 0.001 1.44E-05 1.31E-02
* cm2/bit, ** event/bit/year.
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Fabrication of Quantum Registers and Array of Quantum

Sensors in Diamond by Nano-Hole Ion Implantation

J. Isoya”, T. Umeda®, S. Onoda® and T. Ohshima ®

“Research Center for Knowledge Communities, University of Tsukuba,
® Faculty of Pure and Applied Science, University of Tsukuba,
o Department of Advanced Functional Materials Research, TARRI, QST

Quantum registers
magnetic sensors are emerging solid-state quantum devices
which operate under ambient conditions by utilizing a NV

(nitrogen-vacancy) center in diamond.

and atom-sized, high-sensitivity

The nitrogen
molecular ions were implanted via shadow mask with array
of nano-holes (diameter: 10 nm ~ 30 nm) on the diamond.
by PMMA
(thickness: ~200 nm) were fabricated by EB (electron-beam)
lithography technique. We used high purity C-enriched
(99.998%) CVD layers grown on type-Ib substrates.
Quantum registers in which several qubits are coherently
coupled have potential applications in quantum computing
and quantum communication.

The nano-holes in shadow mask made

With the extraordinary
properties such as optical initialization, optical readout,
ability of spin-manipulation by microwave pulse and long
coherence time, single electron spin of single NV center is
outstanding as solid-state spin qubit at room temperature.
Here, coherently-coupled multiple NV centers with an
average distance of ~12 nm were fabricated by implantation
of ®N," (20 keV) ions through nano-hole (diameter ~10 nm)
and subsequent annealing (1,000 °C, 2 h). The number of
NV centers formed at each implantation spot obeys a
Poisson distribution. It has been found that the average
number could be controlled to be 1~24 by varying the
implantation dose.

Thus, our fabrication method provides potentially
scalable, quantum register. The key factor of scalability is
the ratio between the coherence time and the 2 qubit CNOT
gate operation time. While fast gate operation is expected
from strong dipole-dipole interaction arising from short
distance (~12 nm) estimated from SRIM simulation, the
observed short coherence time (~30 ps) is ascribed to the
proximity (~15 nm) to the surface and the presence of
unwanted paramagnetic species originating from excess

implants. To improve the coherence time, overgrowing of

Fig. 1 Confocal microscopy image (xy-scan) of array of
spots consisting of several NV~ centers fabricated by
nano-hole implantation of N," (20 ke V).

additional '*C layer on the top surface and co-implanting
12C* jons to increase the yield is being carried out.

At the
addressable since different N-V directions give different

maximum, 4-qubits can be individually

EPR frequencies. Creation of four single NV centers with
four different N-V directions in a spot has been confirmed
from the ODMR spectrum as shown in Fig. 2.

NV centers formed at near-surface are promising sensor
of detecting external spins such as nuclear spins of
molecules placed on the surface of diamond. Pulse
sequence such as XY8-N of repeating © pulses provides high
resolution by prolonging coherence time by averaging out
the noises and high selectivity of particular nuclear spins by
matching the pulse separation with the NMR frequency.
For this application a regular array of shallow, single NV
center with address markers are useful. In the resist mask,
letter-shaped holes were made together with arrays of
nano-holes.  After implantation and annealing, address
markers composed of NV centers are easily noticeable
(Fig. 1).
larger nano-holes (diameter 30 nm), we have fabricated

By using a lower dose of N* (5 keV) ions with

regular arrays of single NV center (the average number
~1.0 of Poisson distribution).

3
*10% M- 0e Mg= —1

NV
550 A
520
NV,
L NV, A
2800 2900

2600 2700

Ms=06 Mg=+1

Photon Counting Rate (s1)
g

3000 3100
Microwave Frequency (Hz)

Fig. 2 ODMR spectrum of a spot consisting of four NV
centers of four different N-V directions.

£50
E‘ 40 Poisson distribution
E 30 / (the average number =0.96)
22
10
o Number of NV

5 ' centers per spot

Fig. 3 Distribution of the number of NV centers per spot
fabricated by nano-hole implantation of N* (SkeV).
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Investigation of Deep Levels in Diamond by Transient
Charge Spectroscopy with Heavy Ion Microbeam

T. Kamiya a), Y. Ando a)’b), Y. Kambayashi a)’b),W. Kada b), S. Onoda a), T. Makino a),
S. Sato b), H. Umezawa C), Y. Mokuno c), S. Shikata d), O. Hanaizumi ® and T. Ohshima ¥

3) Deg)artment of Advanced Radiation Technology, TARRI, QST,
b Faculty of Science and Technology, Gunma University,
C)Department of Energy and Environment, AIST,

Y School of Science and Technology, Kwansei Gakuin University

Single-crystalline (SC) diamond is regarded as an ideal
candidate for the next-generation radiation detector, which
has not only excellent electrical, mechanical properties but
also high radiation tolerance'?. Although diamond crystal
growth techniques have been advanced in recent years, it is
still necessary to investigate the deep levels which are
affective to the electrical properties of the detector.
However, conventional deep level transient spectroscopy
(DLTS) cannot be well applied for characterization of the
defects in high-resistive wafers which are often used for
radiation detectors.

In this study, we investigate electrically-active deep
levels in unintentionally doped single-crystalline diamond
using heavy ion charge transient spectroscopy, HIQTS,
using the heavy ion microbeam system at JAEA-TARRI®.
A free-standing unintentionally doped (UID) (001) SC
diamond substrate with dimension of 3 mm x 3 mm and
thickness of 100 um was fabricated by lift-off process using
jon implantation ¥ and employed for the evaluation.
Heavy ion microbeams of oxygens with 10.5 MeV and
carbons with 9 MeV with an equivalent scanning area of
400 %400 pm were employed for HIQTS. A low count rate
of approximately 20 cps in average was used for the
measurement to prevent the crystal from the permanent
damage of heavy ion bombardment. The ion-induced
charges generated in diamond detector were measured using
a charge sensitive preamplifier (CSP; ORTEC, 142A).
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Fig. 1 Temperature dependence of HIQTS charge signals
induced by 10.5 MeV oxygen microprobe.

The shapes of output signals were recorded using a digital
storage oscilloscope (DSO; Agilent, DSO2024A). These
signals were handled by use of the in-house software based
on NI LabVIEW. Examples of obtained CSP output at
different temperature were obtained as shown in Fig. 1.

HIQTS spectrum were collected in temperature ranges
from 180 K to 280 K, as shown in Fig. 2. A peak was
observed in each spectrum with different time span of t,
and t,. From the Arrhenius plot of the peak, the activation
energy of this deep level was estimated as 0.35 eV which
had similar to the activation energy of boron. Similar
activation energy was obtained at HIQTS measurement with
different excitation probe of oxygen. The existence of
boron was examined by SIMS analysis, therefore these
experimental result of HIQTS seem to suggest that these
deep levels of boron may affect to the charge collection of
the detector.
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Fig. 2 Example of HIQTS spectra of the UID CVD
diamond detector induced by 9 MeV carbon microprobe.
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Preparation of Copper Nanocones in Ion-Track

Membranes of Polyimides

H. Koshikawa, S. Yamamoto, M. Sugimoto, S. Sawada and T. Yamaki

Department of Advanced Functional Materials Research, TARRI, QST

Chemical etching of polymer films irradiated with heavy
ions of several hundred MeV leads to the formation of
ion-track membranes with nanometer-to-micrometer pores
in different shapes"?. The ion-track membranes have been
used as templates for generating nanostructures of metals
and semiconductors.  Particularly, penetrating conical
pores were prepared by selectively etching the ion tracks
from one side to obtain metal nanocones®. Due to their
high surface area, nanocone arrays were expected as
catalysts for applications to next-generation electrochemical
devices®. In this preliminary study, therefore, we tried a
new method of preparing copper nanocones involving the
formation of non-penetrating conical pores of ion-track
membranes, vapor-deposition and electroplating.

Five, 12 or 25-um thick polyimide (PI) films stacked on
an Al plate were irradiated with 330 MeV “°Ar ions at a
fluence of 3.0x 107 or 3.0x 10® ions/cm®. The lowermost
film, inside which the bombarding ions were found to stop,
was etched in a sodium hypochlorite solution at 60 °C for
0.5-1.5 h, leading to the formation of non-penetrating
conical pores. A very thin Au layer was vapor-deposited
on the pore side of these ion-track membranes; then, it was
used as a cathode for electroplating copper into the pores.
The electroplating was conducted in a 1.0 M copper sulfate
aqueous solution of pH 1 at a voltage of 0.2-1.0 V. The
obtained samples were observed with scanning electron
microscopy (SEM).

Figure 1 shows the representative SEM images of the
ion-track membrane just for checking to be sure of the shape
of the etched pores. In (a), we can see the circular pores on
the surface and their diameter decreasing at larger depths.
Figure 1 (b) enables us to confirm a perfectly conical shape
from the cross-sectional view of the membrane.

Figure 2 indicated that dissolution of the PI templates
finally left the copper nanocone ca. 510 nm in base diameter
and 1.2 pm in height. An aspect ratio, defined as a ratio of
the height to base diameter, was calculated to be 2.4, which
is reasonably close to that of the nanopores used as a
template.

In conclusion, the ion-track membranes with non-
penetrating conical pores were easily obtained by adjusting
the sample thickness in accordance with the projective range
of the bombarding ion. The nanocones with an aspect ratio
of 2.4 were prepared within this template by combination of
vapor-deposition and electroplating methods. An investi-
gation for the higher aspect ratio is now in progress by
materials and the

optimizing template experimental

conditions.
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Fig. 1
(b) cross-section of the PI ion-track membranes.

Representative SEM images of (a) the surface and

Fig.2 SEM image of copper nanocones.
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Catalytic Activity of Pt Nanoparticles on a Glassy Carbon

Substrate Pre-Irradiated with Ar Ions
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® Department of Advanced Functional Materials Research, TARRI, QST,
©) Materials Sciences Research Center, JAEA,
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®)Neutron Beam Technology Team, RIKEN

Platinum (Pt) nanoparticles are usually employed as
cathode catalysts for the oxygen reduction reaction (ORR) in
proton exchange membrane fuel cells (PEFCs). In order to
widely commercialize PEFCs, Pt nanoparticles with the high
ORR activity have been actively pursued worldwide.
Quite recently, Pt nanoparticles supported on the glassy
carbon (GC) substrate pre-irradiated with Ar ions were
found to exhibit strong electronic interactions with carbon
atoms at the interface "?. These unique interactions
induced by the ion irradiation could affect the ORR activity
of the Pt nanoparticles by tuning their electronic structures.
The objective of this report is to investigate the effect of the
Ar-ion irradiation on the ORR activity of the supported Pt
nanoparticles.

A GC substrate was irradiated with 380 keV Ar ions at a
fluence of 1.0 x 10'® ions/cm” in an IA chamber at the
TIARA ion implanter and then heated at 400 °C in a N,
atmosphere for 1 h. Platinum nanoparticles were deposited
by RF magnetron sputtering on the pre-irradiated and
non-irradiated GC  substrates. Figure 1 shows a
transmission electron microscope (TEM) image of Pt
nanoparticles deposited directly on a TEM grid under the
same conditions. Pt nanoparticles observed as black circles
had an average diameter of about 5 nm.  Cyclic
voltammetry and rotating disk voltammetry were performed
to determine the ORR activity of the prepared samples.
Those electrochemical measurements were carried out in a
cell containing 0.1 M H,SO, aqueous electrolyte at 25 °C.

Fig. 1
grid mesh.

TEM image of the Pt nanoparticles deposited on a

Figure 2 shows Tafel plots, which represent a specific
ORR activity standardized by the electrochemical surface
The specific activity was higher for the pre-irradiated
sample than for the non-irradiated one at the same voltage.
Strikingly, only by using the pre-irradiated GC support, the
specific activity at 0.85 V versus RHE was increased by 2.5
times ).

In conclusion, the surface modification of the GC
substrate by Ar-ion irradiation enhanced the ORR activity of
the supported Pt nanoparticles through the strengthened
interfacial interactions. An X-ray absorption fine structure
(XAFS) measurement® is now in progress to investigate the
local structures at the nanoparticle-substrate interface.
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Ion-Track Grafting of Vinylbenzyl Chloride into

Poly(ethylene-co-tetrafluoroethylene) Films:
Comparison between Different Ions

N. Nuryanthi a’c), T. Yamaki a), S. Saiki a), A. Kitamura ®, H. Koshikawa a),
K. Yoshimura a), S. Sawada® and T. Terai®

a)Department of Advanced Functional Materials Research, TARRI, QST,
® Fyels and Material Engineering Division, NSEC, JAEA,
C)Department of Nuclear Engineering and Management, The University of Tokyo

We have recently used the ion-track grafting technique to
prepare anion exchange membranes (AEMs) for fuel cell
applications.
inside latent tracks of swift heavy ions in a base polymer.
Thus, the resulting AEMs will have a heterogeneously-
distributed structure (grafted and ungrafted area), which can
We studied here the effect of
different-ion irradiation in term of grafting reactivity and
The radical behavior was analyzed by
electron spin resonance (ESR) measurements.

A 25-um-thick poly(ethylene-co-tetrafluoroethylene)
(ETFE) film was irradiated in a vacuum chamber of the LD
beamline with 560 MeV '®Xe and 330 MeV “Ar at
different fluences between 2.0x 10° and 6.0 x 10 ions/cm?.
The irradiated films were then stored in air at —80 °C until
just before the grafting. The grafting polymerization was
initiated by immersing the irradiated ETFE film in 20 vol%

In this technique, the reaction occurs only

improve their performances.

radical behavior.

vinyl benzyl chloride (VBC) mixed with water. The degree
of grafting (DG) was calculated by
W, — W,
g =W —Wo) 140 %) (1)
Wo

where W, and W, are the weights of the film before and
after the grafting, respectively. The ESR spectra were
measured at room temperature using a microwave power of
1 mW, modulation width of 0.2 mT, time constant of 1 s and
sweep time of 1 min.

All the irradiated ETFE films exhibited an
almost-symmetrical singlet spectrum (not shown), which
implies the formation of the same type of radicals by the
different ions. Figures 1 (a) and (b) plot the ESR spectral
intensity (filled circle) and the DG (open circle) as a
function of absorption dose for the '*Xe and *°Ar ions,
respectively. The fluence was converted to the dose by the
following equation: LET (MeV/um)x fluence (ions/cm?®) x A,
where A denotes a conversion factor involving the density
of ETFE and physical constant (9.4 x 107'%). In these
figures, both of the ESR signal intensity and DG were
higher for the Ar-irradiated film than for the Xe-irradiated
one within the same range of dose. The SRIM calculation
indicates that the Xe ion has six times as high LET as the Ar,
and thus the Xe ion would produce higher concentration of
Such high density of
radical formation is likely to increase the probability of

radicals just after the bombardment.

radical recombination, thereby decreasing the total radical
concentration in the film and finally lowering the DG.
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Fig. | The ESR spectral intensity (filled circle) and DG of

VBC into the ETFE film (open circle) as a function of
dose for (a) 560 MeV ?Xe and (b) 330 MeV “Ar.

Interestingly, we can also observe a different increasing
trend between the ESR signal intensity and DG. In other
words, the ESR signal increased approximately linearly with
the dose, but in contrast an increase rate of the DG was
becoming lower at higher doses.
most researchers because the DG would normally be
governed by the density of free radicals. At present, we
can rationalize it by considering the temperature dependence
of the radical-recombination probability. A linear increase
in the ESR signal observed at room temperature suggests a
limited impact on the recombination in this range of radical
density. On the other hand, at 60 °C for the grafting
reaction, the probability of the radical recombination would
be enhanced especially in a high-dose range, thereby
reducing an increase rate of the DG.

This seems surprising for
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Improvement of HI Concentration Performance Using

Crosslinked Radiation-Grafted Membranes

N. Tanaka a), S. Sawadab), T. Yamaki b), S. Kubo® and T. Terai ©

2) HXdrogen Application Research and Development Division, NHARC, JAEA,
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2 Department of Nuclear Engineering and Management, The University of Tokyo

Thermochemical water-splitting  Iodine-Sulfur  (IS)
process " is known to be a promising method for hydrogen
production. In the IS process, a new cation-exchange
membrane prepared by the radiation-induced graft
polymerization has been applied to the electro-
electrodialysis (EED) in order to enrich hydrogen iodide
(HD) in an HI-I,-H,0 mixture (HIx solution)®* ¥. The
membrane performance should be improved for the efficient
HI concentration. The performance can be represented by
indexes such as proton transport number (¢.) and water
permeation factor (f). Our previous study® suggested that
the permeation of anionic species and water must be
inhibited to increase the ¢, and to lower the S values. In
the present study, we attempted to achieve this requirement
by introduction of crosslinking structures inside the
cation-exchange membrane using divinylbenzene (DVB).
The ¢, and S indexes were also evaluated experimentally for
the styrene (St)/DVB-grafted and sulfonated
poly(ethylene-co-tetrafluoroethylene) (ETFE-St) membranes.

The membranes were prepared by pre-irradiation of the
ETFE film with y-rays, the graft polymerization of St with
5 vol% DVB or without DVB, and the sulfonation of the
grafted materials. The resulting crosslinked and non-
crosslinked membranes are referred to as ETFE-St/DVB and
ETFE-St, and their ion exchange capacity (IEC) ranged
1.1-1.6 and 1.3-2.1 mmol/g, respectively. The ¢, and S
values were measured using a filter-press type EED cell?, to
which a direct current of 200 mA/cm* was supplied for 4 h
at 313 K. The feeding HIx solution contained 10 mol/kg of
HI and 10 mol/kg of I, .

Figure 1 shows the variation of 7, as a function of IEC.
The ¢. value of ETFE-St/DVB decreased with an increase in
IEC; interestingly, however, it was higher than that of
ETFE-St. This means that the crosslinking could improve
proton selectivity.

Figure 2 shows the variation of £ as a function of IEC.
The S value of ETFE-St/DVB appeared to increase with an
increase in IEC. However, it was lower than that of
ETFE-St in the similar IEC range. This means that the
crosslinking could prevent water from permeating through
the membrane.

The introduction of DVB makes a network structure in
the membrane by forming bonds between the grafted chains,
thereby narrowing a flow channel in the less swollen
membranes. In this manner, it is predicted that water and I
permeations could be restricted in the ETFE-St/DVB during
the HI concentration. The restriction of I permeation

means that H' selectivity is apparently improved, in other
words, ¢, value is enhanced. Naturally, the restricted water
permeation can decrease the S value as well.

In conclusion, we could confirm the positive effect of
crosslinked membranes for the improvement of
concentration performance. An investigation for further
improvement in the membrane performance is now in
progress by optimizing the amount of crosslinks.
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Development of Radiation-Grafted Cation-Exchange

Membranes for Redox-Type Reactors in the IS Process

M. Nomura a), T. Kodaira a), T. Kimura a), A. Tkeda a), Y. Naka a), Y. Nishijima a),
S. Imabayashi a), S. Sawadab), T. Yamaki b), N. Tanaka® and S. Kubo ©
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The thermochemical water-splitting IS process using I,
and SO, as catalysts has been developed for large-scale
hydrogen production. In this separation
techniques are crucial toward an ideal thermal efficiency
over 40% Y. One of key reactions, called the Bunsen
reaction (I, +SO,+H,0— 2HI+H,S0,), has been operated
with excess amounts of I, to separate HI and H,SO,.

process,

In order to reduce circulating I, volume, a redox-type reactor
with a cation exchange membrane was proposed ».  Effects
of reaction temperatures and solution concentrations on the
cell voltage were investigated by using Nafion as a cation
exchange membrane. However, no one has attempted the
cell operation especially under low-I, conditions using a
new membrane. We investigated membrane properties
such as a proton transport number (¢,) and electroosmotic
coefficient (f) of the ion exchange membranes prepared by a
radiation-graft polymerization method **.

A poly(ethylene-co-tetrafluoroethylene) substrate was
irradiated with y-rays in ®*Co irradiation facilities in an Ar

atmosphere, 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

styrene solution in toluene at 60 °C for different times.
The grafted film was sulfonated in a chlorosulfonic acid
solution at 50 °C. An anolyte and catholyte of the
redox-type reactor divided by the cation exchange
membrane contained H,SO, (3 mol kg_Hzo'l) saturated with
SO, gas and HI, (HI=2.5 mol kg_HzO'l, I,=1.5 mol kg_mo'l),
respectively. A current density was kept at 200 mA cm™.
Concentrations of the solutions were evaluated by titration
with a 0.1 mol kg_Hzo‘l NaOH aqueous solution for H" and
with a 0.1 mol kg_mo'1 Na,S,0; aqueous solution for I,.
The values of t. and p were calculated from the
concentration profile of HI.

Figure 1 shows the concentrations in the catholyte and
anolyte plotted as a function of the operation time. The
cathode reaction is I, + 2H  +2¢”— 2HI while the anode
reaction is SO,+2H,0—H,S0,+2H"+2¢". In other words,
HI and H,SO, are the products in the catholyte and anolyte
solutions of the redox-type reactor. Their concentrations
proportionally increased with increasing operation time,
suggesting that the reactions on both the electrodes occurred
ideally without any side reactions. On the other hand,
concentrations of I, and SO, decreased proportionally. The
membrane and the electrodes were stable in the HI and
H,SO, solutions during the 3-h operation. The membrane

turned slightly brown in color, but its ion exchange capacity
The color change might be due to I,
adsorption in the catholyte. Regression analysis in Fig. 1
enabled us to estimate both of the 7. and f values to be 1.
Thus, the cation exchange membrane developed by the
radiation-graft polymerization method was promising for the
Bunsen reaction in the redox-type reactor. The final 1,/SO,
ratio was 1.7, which is less than half of what was previously
discussed without redox type reactors (I/SO,=4)". This is
the first report to operate the Bunsen reaction at [,/SO, < 2.

was unchanged.
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Reproduction of Heavy-Ion Irradiation Effect on Organic

Polymers Using Radiation Transport Simulation Code

T. Ogawa a), T. Yamaki” and T. Sato®
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General-purpose radiation transport simulation code
PHITS Y, developed for prediction of radiation transport in
accelerators and reactors, is used not only for radiation
protection and shielding design but also for space radiation
sciences, radiology and radiation biology recently. For
example, energy deposition simulation in a submicron scale
followed by radiochemical
chromosomes has been performed for the application of
PHITS to radiation biology?. We attempted reproduction
of radiation effects on organic polymer materials by
applying PHITS because chemical effects in a submicron
scale are the key for radiation effects on materials.

analysis of damage to

So far, radiation effects on materials were explained
merely based on the absorbed dose. Additional effect was
considered only when the absorbed dose is not enough to
explain the experimental results. Therefore, as one of such
examples, the following experimental data were analyzed.
In the experiment, elongation at break (EB) of Poly-Ether
Sulfone (PES) irradiated under various conditions was
measured (Fig. 1) .  Simulation was performed to
reproduce the experimental data using the microscopic
energy deposition model (T-SED) in PHITS. As indicated
by the experimental data in Fig. 2, protons and helium ions
are more efficient for EB reduction than carbon ions at the
same absorbed dose. Here it is assumed that deposition of
100 eV (corresponding to scission of 20 monomers) in a
spherical cell volume with 50 nm diameter (2 x 10°
monomers) induces loss of mechanical strength against
elongation. Under this assumption, degradation of EB, the
number of cells which received 100 eV of energy deposition
was calculated and plotted in Fig. 3 for the three particle
species from 0 to 2.5 MGy. Our calculation showed that
energy larger than 100 eV is deposited in 1.6x 10", 1.7x
10", and 7.0x 10" cells (i.e., cells which lost mechanical
strength) par one proton, helium ion, and carbon ion,
respectively. Therefore at 0.1 MGy, where a saturation
effect is negligible and the irradiation effect is proportional
to the number of broken cells, EB was decreased by 20% in
case of proton and helium whereas less for carbon (Fig. 3).
Moreover, the trend of particle species dependence agrees
with the experiment.
the absorbed dose and its saturation trend was well

reproduced.

Reduction of EB with an increase in
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Design and Fabrication of Near-Perfect

Optical Absorbers Using Etched Ion Tracks

K. Amemiya®, % H. Koshikawa"
K. KanShlta 2

, T. Yamakl
, M. Tanabe 9 and D. Fukuda

. Y. Maekawa ™, H. Shltoml 9 T. Numata®,

“National Metrology Institute of Japan, AIST,
b)Department of Advanced Functional Materials Research, TARRI, QST

The novel broadband near-perfect black absorber having micro-structured surface using etched ion tracks has been
developed. CR-39 plastic plates were irradiated with swift heavy ion beams from AVF cyclotron of TIARA; the samples
were then etched in NaOH solution to produce etch pits filled on its surface, followed by Diamond-Like Carbon (DLC) black
layer coating. The prototype exhibited low reflectance of < 1% in UV —VIS, < 2% in NIR respectively. Furthermore, the
prototype of the novel black absorber also exhibited good mechanical durability.
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Fig. 1 SEM images of the cross section of the
micro-structured optical absorber. Pit aspect ratios
were ~3 (left), ~6 (center), ~15 (right), respectively.
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Fig. 2 Spectral reflectance of the micro-structured optical
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Atomistic Transformation Processes Due to the

Correlation of Implanted N-Ions with Ti Thin Films
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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 growth processes of TiN,
films due to ion implantation, especially correlations
between implanted ions and deposited 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 out,

characterization of the electronic structure by molecular

been carried along with the
orbital calculations.

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 hcp-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 TiN, 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 fec-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.
The changes in lattice constants of crystallites in Ti films
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Fig. 1 The variation in c/a, lattice parameter ratio of

hep-Ti with respect to the N/Ti ratio.

with the dose of N are measured and the variation of the c/a
ratio of the hcp-Ti with the N/Ti ratio in this experiment is
given in Fig. 1. It is well known that the lattice parameter
ratio, c/a, of the ideal hep structure is 1.633, and that the c/a
of all metals with an hep structure is not just equal to the
ideal ratio”. For instance, the c/a of hep-Mg, 1.624, is the
closest to the ideal ratio in all hcp structure metals. The
dotted line marked by an arrow in Fig. 1 represents 1.633,
the c/a of the ideal hep lattice. From Fig. 1, it can be seen
that the c/a ratio increases with increasing the N/Ti ratio,
and is up to 1.628 for N/Ti=0.81, which is closer to the
ideal ratio than that of hcp-Mg. This means that the hep-Ti
lattice during N-implantation come close to the ideal close
packing of hard spheres. In other words, the chemical
bonds between Ti atoms weaken during N-implantation,
which makes the hep-fec transformation easy.

In order to elucidate the atomistic nitriding processes of
the epitaxial trans- formation of Ti thin films due to
K N-implantation in detail,
DV- MO
have been performed for
the Tijg
Ti;oN

calculations

cluster and
models
shown in Fig. 2. The
Tijg  cluster model,
B which does not include a
nitrogen atom indicated
by a gray circle G in
Fig. 2, corre- sponds to a
part of the hep-Ti
structure. The site
indicated by G in  Fig.
2 is the central position
(O-site) of the octahedron
with larger space as formed by A-F atoms in the Ti cluster,
and has lower electron density (~1/5,000 of electron density of
site A). Thus, O-sites have smaller repulsion for electrons
of N atoms, and admit the invasion of N atoms easier.
Therefore, the nitrogen atom, indicated by G, occupies the
center (O-site) of the octahedron as formed by A-F atoms,

cluster

Fig. 2 Schematic illustrations of
Tije and TijoN cluster models.
Solid circles and open circles
represent Ti atoms and a gray
circle represents a N atom,
respectively.

which leads to the formation of a Ti;9N cluster, as shown in
Fig. 2 and the growth (evolution) of nucleus of the hep-fec
transformation.
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Development of Hydrogen Permselective Membranes by

Radiation-induced Graft Polymerization into
Porous PVDF Films

S. Hasegawa, S. Azami, S. Sawada and Y. Maeckawa

Department of Advanced Functional Materials Research, TARRI, JAEA

An establishment of non-electric power hydrogen
collection system is required to prevent an explosion of the
nuclear power plants. For developing the non-electric
power hydrogen collection system, a combination of
hydrogen permselective membranes with hydrogen storage
materials has been proposed. The hydrogen permselective
membranes play an important role for a separation of
hydrogen from air consisting of water and oxygen model.
In this work, the hydrogen permselective membranes based
on porous polyvinylden fluoride (PVDF) films were
prepared by using radiation-induced graft polymerization
technique”. To control the permeability, the porosity and
the interaction between grafted polymer chains and gas
molecules were adjusted.

Graft polymerization was carried out with commercially
available porous PVDF film (MERCK MILLIPORE
GVWP09050, pore size 0.22 pm, 110 pm thickness)
y-irradiated with 30 or 160 kGy. The irradiated PVDF
films were immersed into 10-50 wt% aqueous solutions of
acrylic acid (AAc) with 0.5 wt% Mohr’s salt at 50 °C or
100% styrene (St) at 60 °C (Fig. 1).

Grafting degrees (GDs) of AAc and St in the porous
PVDF film are plotted as a function of reaction time in
Fig. 2. The GDs of AAc-grafed PVDF reached 38%,
54%, and 63% for 10, 30, and 50 wt% monomer solutions
at 7 hours, respectively. The GDs of St, which was
controlled by absorbed doses and reaction time, were in the
range from 41% (30 kGy, 3 hours) to 144% (160 kGy,

14 hours).
\l \
or
HO™ ~O

80Co y-ray
AAc St
—foH,~CPof [ /W .
porous PVDF inAr, r.t.
e
a n N
> /‘/I'/()r
A~ | HO” O
poly(AAc) poly(St)

Fig. 1  Synthetic scheme of gas selectivity film by
radiation-induced graft polymerizations.

The porosities of porous membranes (c.a. 63%) scarcely
changed by the grafting. In order to control the porosity,
the grafted membranes were hot-pressed at 159 °C, 1 MPa
for 10 min. The porosities of AAc- and St-grafted
membranes were reduced from 63% to 39% and 44%,
respectively. Gas permeability of the grafted membranes
was controlled in the range of 10" to 108 mol/(m? s Pa), and
the hydrogen permeability was higher than those of water
vapor and nitrogen (oxygen model). The AAc- and
St-grafted membranes exhibited 3.5 and 7.1 of permeation
ratios (Hy/H,0), respectively.

In conclusion, the graft polymerization technique was
useful for the development of hydrogen permeselective
membrane based on the porous films.

Reference
1) S. Hasegawa et al., Polymer, 54, 2895-900 (2013).
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Fig. 2 Plots of GDs as a function of grafting time.

Table 1 Permeability and permeation ratio with AAc or St
grafted porous PVDF membranes after hot press

treatment.
P bility x10°
Graft GD  Porosity ermeabliy y2
Chains (%) ©) mol/sec*m”-Pa Hy/H20  Ho/N,
H, H,0 N,
0 28 26 52 14 0.5 1.9
AAc 76 39 9.4 2.7 3.2 3.5 2.9
St 63 44 0.26 0.036 0.12 7.1 2.1
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Synthesis, Characterization, and Alkaline Stabilities of

Radiation Grafted 4-Vinylimidazolium-Based Anion
Conducting Polymer Electrolyte Membranes

K. Yoshimura a), S. Watanabe b), A. Hiroki a), H. Shishitani C), S. Yamaguchi C),
H. Tanaka® and Y. Mackawa

2) Department of Advanced Functional Materials Research, TARRI, QST,
®) Saitama Institute of Technology, ® Daihatsu Motor Co., Ltd.

There has been a growing interest in noble metal-free
alkaline fuel cells (AFC). Anion conducting polymer
electrolyte membranes (AEMs) are one of the key materials
for AFC and are required highly alkaline durability because
of high temperature and highly basic condition in the fuel
cells. In recent developed N-
radiation-induced

years, we have
vinylimidazolium-based =~ AEMs by
grafting”. The prepared poly(N-vinylimidazolium)-grafted
AEMs (NVIm-AEM) degraded via rapid f-elimination at
the initial stage and slow hydrolytic ring opening reaction of
the imidazolium unit at the later stage®. In this work, we
synthesized the AEM based on the graft chains of
2-methyl-N-methyl-4-vinylimidazole (2Me-NMe-4VIm)
with styrene (St) to prevent the p-elimination and ring
opening reaction.

The 2Me-NMe-4VIm monomer was newly synthesized
from 4-vinylimidazole with N- and 2-methylation reactions.
Poly(ethylene-co-tetrafluoroethylene) (ETFE) films were
irradiated with a dose of 80 kGy from a *’Co y-ray source at
room temperature in argon atmosphere. The pre-irradiated
ETFE films were grafted in the argon-purged monomer
solution consisting of 2Me-NMe-4VIm or a mixture of
2Me-NMe-4VIm and St in 1,4-dioxane (33 wt%) at 60 °C to
obtain the films with grafting degrees of 33% and 54%,
respectively. The grafted films were then N-methylated
and ion exchanged quantitatively to obtain the hydroxide
from of 2Me-NMe-4VIm-AEM and 2Me-NMe-4VIm/
St-AEM with a molar ratio of 75/25 of 2Me-NMe-4VIm/St
with IECs of 1.38 and 1.74 mmol/g (Scheme 1).

The 2Me-NMe-4VIm-AEM and 2Me-NMe-4VIm/St
(75/25)-AEM showed conductivities of 175 and 157 mS/cm
with water uptakes of 53 and 86%. Compared with
NVIm-AEM, these AEMs show significantly higher
conductivities with lower water uptakes, which are desirable
properties for fuel cell applications. The alkaline stability
of AEMs was evaluated by the change in conductivity of

Scheme 1 AEM synthesis of 2-methyl-N-methyl-4-vinyl-
imidazolium graft AEMs.
Z =
Nign\ + 1) Mel
. 2) HCl
P oMe-NMedVim St 3) KOH
160 kGy 2Me-NMe-4VIm : St =
o 100:0 or 80:20 (mol. ratio) 2M-NMAVIm-AEM
ETFE (n:m=100:0)

2M-NM-4VIm/St-AEM
(n:m=75:25)

AEMs in 1 M KOH at 80 °C. As shown in Fig. 1, the
conductivity of NVIm-AEM (N-vinyl type AEM) decreased
to 0 mS/cm after 100 h, while 2Me-NMe-4VIm-AEM
showed the conductivity of 23 mS/cm after 100 h. The
conductivity of the 2Me-NMe-4VIm-AEM indicates that
the initial conductivity drop resulting from p-elimination
was effectively suppressed by the shift of vinyl substituent
from 1- to 4-positon of the imidazolium ring. Also, the
decreases of conductivity at the later period, arising from
ring opening degradation become much slower, owing to the
methyl substitution effect at 2-position of the imidazolium
ring. Furthermore, the 2Me-NMe-4VIm/St-AEM, which
has copolymerized hydrophobic styrene units, possesses
excellent initial and long term alkaline stabilities.

In conclusion, for
graft-type AEMs,
methyl-protection at 2-positon, and copolymerization with

vinylimidazolium-containing

the control of vinyl position, the
styrene should be promising strategy to improve the alkaline

stability, which is the essential property for AFCs.
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1-23 Anisotropic Swelling of Hydrogel Nanowires Fabricated
by Single Particle Nanofabrication Technique (SPNT)

M. Sugimoto ™, S. Tsukuda”, T. Yamaki® and S. Seki®
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® Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,
2 Department of Molecular Engineering, Kyoto University

The  poly(vinylpyrrolidone) (PVP) and N,N’-
methylenebis(acrylamide) (MBA) hybrid nanowires were
fabricated by a single particle nanofabrication technique
(SPNT), which enables us to fabricate various types of
polymeric nanowires using a single ion event. The
crosslinking reaction of polymer chains occurs within the
ion tracks along the paths; in principle, the length and radius
of the nanowires were controlled by changing a film
thickness and the amount of crosslinkers. We demonstrated
here that the PVP/MBA nanowires exhibited anisotropic
swelling along the length and radius in aqueous
environments.

PVP was dissolved in isopropanol (IPA) at 2, 5, and
10 wt%. MBA was added to the solution as crosslinking
agent at 15, 20, and 30 wt% against dissolved PVP,
controlling the degree of crosslinking in the track. These
solutions were spin-coated on Si substrates. The resulting
thin films were exposed to a beam of 490 MeV '**Os.
After development procedures, nanowires were observed by
AFM for investigating their morphological and swelling
properties in air and water.

Figure 1 shows AFM micrographs of the nanowires
prepared by 490 MeV '*?Os irradiation of the PVP/MBA
films at different ratios. The PVP film without any
crosslinkers gave no observable nanowires (Fig. 1 (d)), and
the nanowires were still too fragile to become extended
when the crosslinker concentration was low (Fig. 1 (a)).
These suggests that some quantity of MBA would be
necessary to have stiff, long nanowires on the substrate as
seen in Figs. 1 (b) and (c).

In the SPNT, the length of nanowires can be controlled
very easily because it usually corresponds to the film
thickness. As shown in Fig. 2, however, the length of the
PVP nanowires was longer than the film thickness. This
result could be attributed to the swelling due to water during
the development procedure. Once the nanowires swelled
to become longer and thicker, their size could not be
changed so much in a drying step because they stick to the
substrate.

Additionally, the lengths of the PVP nanowires appeared
to increase linearly, which implies homogeneous energy
deposition in the depth direction of the film. A
length/thickness ratio decreased with an increase in the
amount of MBA. The higher crosslinker concentrations
probably made it possible to restrict the swelling ratio
because of high-density crosslinks in the nanowire.

References
1) S. Seki et al., Adv. Mater., 13, 1663-65 (2001).
2) S. Tsukuda et al., Radiat. Phys. Chem., 84, 39-41 (2013).

Fig. 1 AFM micrographs of the nanowires prepared by
irradiation of PVP/MBA ((a)100/5, (b)100/15, (c)100/30,
and (d)100/0) thin films with 490 MeV '*Os at a
fluence of 5.0 x 107 ions/cm’.
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Fig. 2 Relationship between the film thickness and the
length of the PVP nanowires.
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Nitrogen Doping in Carbon-Based Cathode Catalysts

Using Electron Beam Process

M. Sugimoto a), T. Ohta b), S. Yamamoto a), H. Koshikawa a), T. Yamaki® and T. Hagiwara ®)

a)Depal‘cment of Advanced Functional Materials Research, TARRI, QST,
® Faculty of Engineering, Saitama Institute of Technology

Nitrogen-doped (N-doped) carbon-based catalysts for
reactions (ORRs) are expected as
platinum-alternative material”. It has been predicted that
the ORR activity should be related to the chemical states of
N atoms doped in graphite.
established a method for introducing the N-related active
sites reproducibly and quantitatively because there is a
difficulty in controlling the atomic concentration of N and
the graphite structures We prepared
N-doped carbons by heating aromatic polymer precursors in
an ammonia (NHj3;) atmosphere under electron-beam (EB)

oxygen reduction

However, no one has so far

independently.

irradiation and then examined the irradiation effect on the
doping and ORR properties
non-equilibrated kinetics.

in terms of thermally
A precursor was phenolic resin (Gunei Chemical,
PSK-2320) or its mixture with 5 wt% cobalt(Il) chloride
(CoCly). It was irradiated with 2 MeV EB at a dose of up
to 6 MGy in 0.1 vol% NHj at 500 °C. The irradiated
powder was then subjected to carbonization at 800 °C for
1 hin Ar.
Table 1.
mission microscopy
photoelectron spectroscopy (XPS).
activity was tested by linear sweep voltammetry with a
rotating disk electrode (RDE). The -catalyst powder
acid-washed to remove the Co species was dispersed in a
mixture with a Nafion solution and then coated on the
surface of a glassy carbon electrode.
were performed in a 0.1 M aqueous perchloric acid solution.

The synthesis conditions are summarized in
The resulting samples were analyzed by trans-
(TEM)

The electrocatalytic

electron and X-ray

The measurements

The ORR activity was determined from voltammograms in a

23 where the

manner similar to that reported elsewhere
electrolyte was saturated with O, or N, gas.

Samples (b) and (d) comprised a graphite phase while
samples (a) and (c) were amorphous. This result suggests
an important role of CoCl, in the formation of crystalline
structures.

to confirm the existence of N dopants.

Figure 1 shows N 1s XPS spectra, enabling us
As a whole, the
samples prepared by the EB irradiation exhibited a high N
concentration; therefore, the EB-induced non-equilibrated
process would activate the N-doping reactions.
level reached an atomic concentration of nitrogen about

A doping

0.5% when 5 wt% CoCl, was mixed in the precursor
(sample (d)).

Figure 2 shows the ORR potential as an indicator of the
activity.  Strikingly, sample (d) exhibited a potential of
0.93 V versus a reversible hydrogen electrode (RHE), which
is comparable to that of a Pt standard sample (1.05 V).

In conclusion, we were able to present the possibility of

developing the carbon-based ORR catalysts through
thermally non-equilibrated reactions during the EB
irradiation.
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Table 1 Conditions of our sample preparation.

Sample  CoCl, (wt%) Doping Method Carbonization
(a) 0 500 °C in 0.1% NH;

(b) 5 without EB 800 °C

(© 0 500 °C in 0.1% NH; inN,

(d) 5 with 2 MeV EB
m N 1s N/C r.atio
= (atomic%)
S
S MMMWM (d) 0.51

T
- WMW (c) 0.49
=) WW
2 (b) 0.27
e
c MM«M (a) 0.28
1 1 1 1
410 405 400 395 390
Binding energy (eV)
Fig. 1 N 1s XPS spectra of samples (a) to (d) and N/C

ratios estimated by these data.

ORR potential

vs. RHE (V)
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Fig.2 ORR potential vs. RHE of samples (a) to (d) and the
Pt standard sample.

(d) Pt
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Utilization of Ion Implantation for Synthesis of

Nitrogen-doped Carbon Material with Catalytic Activity

A. Idesaki, M. Sugimoto, S. Yamamoto, M. Taguchi and T. Yamaki

Department of Advanced Functional Materials Research, TARRI, QST

Nitrogen-doped (N-doped) carbon materials which
exhibit catalytic activity for an oxygen reduction reaction
(ORR), O, +4H"+4e¢ —2H,0, are expected to be applied
for a catalyst alternative to a platinum-catalyst. As far,
several synthesis processes have been proposed; a chemical
vapor deposition method, a polymer precursor method, and
so on”. Among them, the polymer precursor method is
advantageous to other methods from the view point of
formability, that is, polymers are easy to be formed into
various shapes such as fiber, coating film, and so on.
Furthermore, composition of material can be controlled by
blending and/or alloying with other compounds. In the
polymer precursor method, polymers mixed with metal-
phthalocyanines (metal=Co, Fe, etc.) or metal- compounds
(CoCl,, FeCly, etc.) are pyrolyzed in an inert atmosphere to
obtain N-doped carbon materials with the ORR activity>?.
In these reports, powder materials have been often used. In
such cases, N atoms (catalytic active sites) are considered
not to distribute uniformly in the powder bulk. This
suggests that the obtained N-doped carbon materials cannot
exhibit the best performance because the active sites inside
the powder bulk cannot contribute to the ORR. Here, we
propose ion implantation into polymer precursor with the
aim for synthesis of a N-doped carbon material which
possesses the ORR active sites with high number density at
surface. In this work, N* jons were implanted into a
polyimide film and possibility to synthesize an ORR active
N-doped carbon material was examined.

A polyimide film (Kapton®, Du Pont-Toray Co., Ltd.,
thickness of 8 um, C»,N,05H () was irradiated by 100 keV
N ions at room temperature under vacuum using 400 keV
ion implanter at TTARA. The number density of implanted
N* ion was 4% 10'® ions/cm®. ~ Since the number of carbon
atoms included in 1 cm?-area is calculated as approximately
4% 10" from the value of covalent radius”, the number of
implanted N ion is estimated as 1/10,000 in number ratio of
N/C. The penetration depth of N* ion into the polyimide
film was calculated by SRIM code”; the depth of 300 nm
was obtained for 100 keV.

The irradiated polyimide film was pyrolyzed at 800 °C in
a nitrogen atmosphere. After the pyrolysis, the ORR
activity was evaluated by a cyclic voltammetry (CV) method
with a rotating disk electrode. The CV measurement was
conducted in an oxygen-saturated 0.1 M HCIO, electrolyte
with 50 mV/sec scan rate and 1,500 rpm rotating velocity.
Figure 1 shows the relationship between potential (vs.
Ag/AgCl) and current density. The ORR is observed with
rapid decreasing in the current density against the potential.
Although the ORR activity was almost negligible in case of

unirradiated polyimide film, the irradiated polyimide film
exhibited the ORR activity with onset of potential at around
0.2 V (Ag/AgCl). This result indicates that ion implan-
tation into polymer precursor is useful to synthesize the
ORR active N-doped carbon material.

In this work, we demonstrated effectiveness of ion
implantation to synthesize the ORR active N-doped carbon
material. In future, production and change behavior of
C-N chemical bonds in the polymer precursor by the
implantation and subsequent heat treatment will be
investigated in order to clarify the detailed irradiation effect
of N" ions on the polymer precursor.

Potential (V) Ag/AgCI

0 01 02 03 04 05 06 0.7 0.8
T T T T T T T

E

o

<

E

2

D S

c o

Q o

S-04F <

S S

[ o

5059

o S

068 * Unirradiated
° 4E+15 ions/cm®
-0.7
Fig. 1 ORR activity of obtained N-doped carbon material.
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Formation Mechanism of Nanometer-sized Pores in

Polymer-derived Silicon Carbide Film by Pyrolysis

A. Takeyama, A. Idesaki, M. Sugimoto, S. Yamamoto and M. Yoshikawa

Department of Advanced Functional Materials Research, TARRI, QST

Crystalline silicon carbide (SiC) is expected as a
substrate for epitaxial growth of large-scale graphene via
thermal decomposition”. In contrast, a few nano-meter-
sized and hollow structured graphite exhibits high catalytic
activity for the oxygen reduction reaction®?. We expect a
nano-porous polymer-derived SiC film to be used as the
substrate for hollow structured graphite. In this report, we
aim at clarifying the formation mechanism of nano-sized
pores in polymer-derived SiC films.

Using 3, 5 and 10 mass% polycarbosilane (PCS)
solutions, PCS films were dip-coated on silicon (Si)
substrates for thickness and on porous alumina for gas
permeation measurements. Coating conditions
determined to prevent cracks in the pyrolyzed PCS film.
The film was irradiated with the electron beam up to
12 MGy, followed by annealing at 673 K to kill radicals
formed in PCS. Subsequently, they were pyrolyzed at 773,
873, 973 and 1,073 K for 30 minutes in argon. The
thickness of the film was measured using a step profiler.
Gas permeance of films was measured for hydrogen (H,) or
nitrogen (N,) at room temperature to suppress temperature
activated diffusion of these gases.

The thickness of PCS films coated on Si substrates was
plotted in Fig. 1 as a function of PCS concentration. The
left hand axis shows the thickness normalized by that before
pyrolysis. The right hand axis shows thickness before
pyrolysis. At 773 K, the slight decrease of the normalized
thickness was observed, although at 873 K, the normalized
thickness significantly decreased. This large shrinkage at
873 K was attributed to conversion of PCS into SiC.
We previously reported that evolution of decomposition gas
due to the conversion swelled PCS®. However, when the
amount of evolved gas was small, shrinkage rather than

were
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Fig. 1 Temperature and PCS concentration dependence of
PCS film thickness. @: before pyrolysis, A: 773 K,
O:873 K, &:973 K, V:1,073 K.

swelling predominantly took place. In the case of 3 mass%,
the smallest thickness before pyrolysis gave rise to the
insufficient amount of evolved gas and the largest shrinkage.
At 973 and 1,073 K, normalized thickness increased
proportional to that before pyrolysis. This also indicates
evolved gas swelled these films.

In Fig. 2, room temperature permeances and selectivity
of films pyrolyzed at 973 K are plotted. Gas permeances
for 10 mass% is slightly larger than for 3 mass%. This
indicates that the amount of pores increased with increasing
the film thickness. The selectivity about 3.7 means
Knudsen diffusion of gases and suggests the pore diameter
was less than 7 nm, which is approximately 10% of the
mean free path®. The no significant change of selectivity
was observed with increasing the concentration (thickness).
This suggests volume shrinkage of the film prevented
agglomeration of pores as well as swelling. We note that
in the case of PCS powder, most of pores disappeared at
973 K by volume shrinkage®. Since the PCS film stuck on
the Si substrate, isotropic shrinkage due to conversion was
disturbed and pores could remain in the film. In summary,
nano-sized pores were introduced in the pyrolyzed PCS film
due to evolution of decomposed gas. The thick film
including the large amount of pores would be applicable to
the substrate for the large-scale growth of hollow structured
graphite.
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Design of Functional Interfaces of Fuel Cell Materials
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To design the high quality fuel cell materials, quantum
beam (i.e. proton beam, electron beam and gamma ray)
irradiation techniques were used. In the joint projects
among QST, NIMS and RIKEN, four projects were
conducted in this year. The outline of aforementioned joint
projects is shown in Fig. 1.

First project is for development of extremely low
concentration of Pt in cathode of polymer membrane fuel
cells. In this challenge, we successfully activated the
surface of small amount Pt loaded ceria nanowire by using
proton beam irradiation technique.

Figure 2 shows Tafel plot derived from proton beam
irradiation sample. In this experiment, 0.5 wt% Pt loaded
ceria nanowire/C was used. As shown in Fig. 2, Tafel line
derived from proton beam irradiated sample shifted into
Also, the slop of Tafel line
became steep as compared to commercially available
20 wt% Pt/C. Those results indicate that the surface of low

concentration Pt loaded ceria nanowire/C is conspicuously

higher kinetic current region.

activated by proton beam irradiation. Also, it is confirmed
that the electron beam irradiation method (i.e. second project)
can provide us similar effect for surface activation of low
concertation Pt loaded ceria nanowire, although relatively
long irradiation time and high exposure dose are required.
Now, we are preparing joint paper on the basis of our
it to the

international journal, joint patents were already filed 2.

experimental results.  Before we submit

Third project is for design of three phase boundaries of
membrane electrolyte assembly (MEA) by using gamma ray
irradiation technique.

Nowadays, minimization of Pt content in cathode layer of

Activation of surface of low
concentration of Pt in cathode
of PEMFC by using proton
beam irradiation

Activation of surface of low
concentration of Pt in cathode
of PEMFC by using electron
beam irradiation

Quantum beam irradiation techniques
for design of functional interfaces in fuel cells

Development of high quality
electrode in SOFC by using
magnetron sputtering
technique

Design of three phase boundaries
between active metal and ionomer
in the electrode layer of MEA

Fig. 1 Schematic diagram of outline of joint projects
among QST, NIMS and RIKEN for design of functional
interfaces in fuel cells by using quantum beam
irradiation techniques.

MEA is
environmental burden in the R & D of polymer membrane

key from the perspective of lowering of
fuel cells. So far, we observed that the inner resistance of
fuel cell device with Pt loaded ceria nanowire/C in the
cathode layer of MEA was successfully decreased by using
gamma ray irradiation technique. Also, we observed high
It suggests

that our challenge (i.e. design of three phase boundary in

OCV (open circuit potential) from our MEA.

MEA by using gamma ray irradiation technique) is one of
promising approach for development of high quality fuel
cell devices.

On the basis of all experimental results in the third
project, it is expected that high quality low concentration Pt
cathode with high quality will be developed by design of
interfaces of cathode layer of MEA in the near future.

The fourth joint project is for development of high quality
solid oxide fuel cell (SOFC) devices which can show high
performance at intermediate temperature region such as
700 °C.
consist of yttrium oxide stabilized zirconia electrolyte can be
above 800 °C.
interconnector which is useful for fabrication of budget stack

So far, the conventional SOFC devices which

used In this case, the stainless steel
cell of SOFC cannot be used at such high temperature.
We expect that our challenge will provide us new
breakthrough in R&D field of SOFC.
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Polymer electrode membrane fuel cells (PEMFCs) using
precious metals (Pt, Ru, etc.) at the cathode catalysts have
attracted much attention because of their higher energy
densities, low operating temperatures and lack of pollutant
emissions. However, a large portion of the cost of the
PEMEFCs is associated with the cathode catalysts such as Pt
and Pt alloys for oxygen reduction reaction (ORR).
To widely spread the use of the PEMFCs, development of
low Pt loading catalysts and non-Pt catalysts for the
PEMFCs cathode has been intensively required. One
promising cathode catalyst is based on the transition metal
(TM)-nitrogen (N)-carbon (C) composites (TM: Fe, Co, Ni,
etc.)". In the present study, we investigated the ORR
activity of Fe and N doped carbon films on glassy carbon
(GC) substrates prepared by pulsed laser deposition (PLD)
in the different presence of N, gas. The ORR activity of
the films was examined by electrochemical measurements.
The composition and structural features of the films were
characterized by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and Rutherford backscattering
spectroscopy (RBS).

The films were prepared at 800 °C in the presence of
6.66-666.7 Pa N, gas by PLD using a Nd:YAG laser.
After the deposition, the films were immersed in a
2 mol dm™ HCI solution to dissolve metal Fe from the film.
The ORR activity of the films was electrochemically
determined using a rotating disk electrode system. The
reference and counter electrodes were Ag/AgCl with a
saturated KCl solution and a Pt wire, respectively. The
electrolyte was a 0.5 mol dm™ H,SO4 aqueous solution.
The RBS analysis confirmed that depth distribution of doped
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Fig. 1 The Epgg for Fe-N-C films as function of N, gas

pressure during the deposition.

Fe was homogeneous in the as-deposited Fe-N-C film and
the doped Fe was almost removed from the film after HCI
washing treatment. The XRD suggested that the Fe-N-C
films have nano sized grains or amorphous structure.

The ORR potentials (Epgr) to give the ORR activity are
plotted with the N, gas pressure during the deposition as
shown in Fig. 1. The ORR activity of Fe-N-C films
increased with increasing the N, gas pressure. The Fe-N-C
film prepared in the presence of 667 Pa N, showed high
ORR activity; its Egrg was 0.75 V (vs. NHE). However,
this Eggg of the Fe-N-C film is still insufficient compared to
that of Pt film on GG substrate (Epgz: 0.85 V) measured by
our rotating disk electrode system.

Figure 2 shows the atomic concentration of nitrogen and
iron relative to carbon for Fe-N-C films after the ORR
The atomic concentration of N, Fe and C
was determined from the XPS Nls, Fe2p3 and Cls spectra.
The nitrogen content in the films increases with increasing
the N, gas pressure during the deposition.
iron content in the films has no clear dependence on the N,
gas pressures. In addition, the XPS was used to investigate
the relationship between the ORR activity and the nitrogen
species such as pyridinic-N, pyrrolic-N, and graphitic-N.
The results suggested that the ORR activity of Fe-N-C films
relates to graphitic-N. Thus, controlling the concentration
of doped nitrogen with graphitic-N in carbon enables further
improvement in the ORR activity of Fe-N-C films.

measurements.

In contrast, the
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Fig. 2 The N/C and Fe/C atomic ratio of Fe-N-C films
after the ORR measurements.
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Si nanocrystals (Si-nc) have been intensively investigated
because of their interesting photoluminescence (PL)
properties.  Si-nc exhibit strong and visible emission at
room temperature due to the enhancement of the radiative
recombination rate and band-gap widening resulting from
carrier confinement in the nanostructured region". The
doping of impurities into Si-nc is a promising technique for
the further optimization of their PL properties”. However,
although intensive theoretical of optical
properties of codoped Si-nc have been performed®, the size

calculations

dependence of carrier doping on the electronic and optical
properties of Si nc remains unresolved. In this study, we
systematically investigated the dependence of the PL
properties of phosphorous- and boron (PB) -codoped Si-nc
on the nanocrystallite size and dopant concentration.

Si-nc embedded SiO, films were prepared using RF
sputtering method®.  Three different types of Si-nc samples
(S1, S2, and S3) were prepared. The average diameters of
Si-nc formed in the S1, S2, and S3 samples to be 3.5, 4.4,
and 5.2 nm, respectively. The PB-codoped Si-nc samples
were prepared using ion implantation. P" or B" ions were
implanted into the Si-nc films using an ion implanter
(Takasaki Ion Accelerators for Advanced Radiation
Application, the Japan Atomic Energy Agency). The
implantation energies of the P* and B" ions were 250 and
100 keV, respectively, and the P and B" ion doses were
varied from 0.1 to 4.5x 10" cm 2.

Figures 2(a)-2(c) show the PL spectra of pure (undoped)
and PB-codoped Si NCs for different ion doses for samples
S1, S2, and S3, respectively. The spectral shapes are
strongly dependent on the ion dose and at higher ion doses,
additional peaks appear at lower energies. To clarify these
peak structures, each spectrum was fitted with three
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Fig. 1 PL spectra of PB-codoped Si-nc for various ion

doses of 0.1-4.5%x 10" cm™: Samples (a) S1; (b) S2; and
(c) S3.

Gaussian peaks (A, B, and C) and obtained each peak
energy. Figure 2 shows the peak shift A of emission bands
A, B, and C with respect to the peak energies of the pure
Si-nc samples as a function of the square root of the ion dose.
As shown in the inset of Fig. 2, the peak shifts of bands B
and C are almost independent of the PB dose. On the other
hand, the shift of A depends on the PB dose. The peak
shift of band A can be attributed to the band-to-band
recombination involving the conduction and valence bands
perturbed by the impurity doping®. The degree of band
gap reduction in bulk Si is known to follow the n'? law®,
where n is the dopant concentration. The solid lines
represent the n'” law. Because the experimental data agree
with the law, the peak A is confirmed to be due to the
band-to-band recombination at the reduced band gap. The
most prominent feature of the dopant-concentration
dependence is that its magnitude increases between S3 and
S1. This indicates that the magnitude is dependent on the
size of the Si-nc; i.e., the smaller the Si-nc sample, the larger
shift.

Our present finding that the band gap reduction can be
controlled by varying the Si-nc size and the dopant
concentration advances the fundamental understanding of
doping effects in an indirect band-gap semiconductor
nanocrystal.
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The solid lines in (b) show fit results for the n'” law.

— 57 -

QST Takasaki Annual Report 2015



1-30

Synthesis of New-structured Multi-walled Carbon

Nanotubes inside Silicon Carbide Nanotubes
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Carbon nanomaterials such as fullerenes, carbon
nanotubes, and graphene have attracted particular attention
due to their fascinating geometries and physical properties.
In particular, carbon nanotubes represent an interesting and
important class of carbon based nanomaterials with
wide-ranging applications.
synthesize the carbon nanotubes with new structure in order
to develop and broaden the application of carbon nanotubes.
Here we report the synthesis of new-structured multi-walled
carbon nanotubes inside silicon carbide (SiC) nanotubes.

Multi-walled carbon nanotubes (GSI creos Corporation,
The C-SiC
coaxial nanotubes were synthesized by heating multi-walled
carbon nanotubes with Si powder at 1,200 °C for 100 h in a
vacuum"?. The C-SiC coaxial nanotubes were irradiated
with 340 keV Si* ions from 400 kV ion implanter of TIARA
at room temperature. The projected range of 340 keV Si*
ions into the SiC target was calculated to be approximately
400 nm by Stopping and Range of lons in Matter (SRIM)
2008 software ”, which indicated that the irradiated Si”
would completely penetrate the C-SiC coaxial nanotubes.
The ion fluence was 2.4 x 10% jons/m?, and the corres-
ponding irradiation damage (displacement per atom, dpa)
was calculated by SRIM 2008 to be 6.8 dpa.

Figure 1 shows the typical TEM image and selected area
electron diffraction (SAED) patterns of the irradiated C-SiC
coaxial nanotube. According to high-resolution (HR) TEM
image, the amorphous structure is observed in the SiC layer
of C-SiC coaxial nanotube.

It is, therefore, required to

Tokyo, Japan) were used as template materials.

The crystal state of SiC layer
in C-SiC coaxial nanotube transforms from polycrystalline
to amorphous by ion irradiation at room temperature.
However, the tubular shape of the C-SiC coaxial nanotube is
retained even after ion irradiation.

The orientation of the graphitic shells in the C-SiC
coaxial nanotubes before ion irradiation was almost parallel
to the length directions of the nanotubes. However,
HR-TEM observation indicates that the orientation of
graphitic shells after ion irradiation changes such that they
are completely parallel to the radial directions of the
nanotubes. These results are consistent with that of the
SAED pattern from the C-SiC coaxial nanotube, as depicted
in the inset in Fig. 1(a). The graphite (002) spots in the
SAED image are clearly observed even after ion irradiation
up to 6.8 dpa, indicating the certain crystallinity of the
carbon layer in the C-SiC coaxial nanotube. In this study,
the C-SiC coaxial nanotubes are irradiated up to 6.8 dpa.
However, the carbon layers in the C-SiC coaxial nanotubes
are not transformed to a completely amorphous structure.

The graphitic structure is still observed in HR-TEM images
of the shells.
have bent to align completely with the radial directions of

The remaining graphitic portions of the shells

the nanotubes, as shown in Fig. 1(b). The synthesis of
shells

completely oriented parallel to the radial direction of the

multi-walled carbon nanotubes with graphitic

nanotube has not been reported yet. Such a multi-walled
carbon nanotubes with this new structure may be expected
to find new applications.
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Fig. 1 (a) Low-magnification TEM image and SAED
patterns, and (b) high-resolution TEM image of new
structured multi-walled carbon nanotube inside SiC
nanotube.
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Hydrogen Storage La-Ni Based Alloy by Ion Beam
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Hydrogen storage alloys are required to attain high
responses of hydrogen absorption for application to the
negative electrode of the nickel-metal hydride (Ni-MH)
batteries. The surface modification is crucial to improve
the reactivity of hydrogen with hydrogen storage alloys, and
this facilitates the rate of dissociation of the H, molecules in
the gas phase or the dissociation of the H,O molecules in an
electrochemical process is the first step of the overall
reaction of hydrogen absorption for hydrogen storage alloys.
In this study, improvement effects of ion beam irradiation on
hydriding characteristics for La-Ni base ABs type alloys
were studied.

The samples used in this study were LaNiygAlgy
hydrogen storage alloy. These were ion-irradiated at an
energy of 350 keV with a dose from 14x 10" to 1x10?' /m?
at the room temperature using the 400 kV ion implanter at
TIARA, JAEA. The rate of initial hydriding rate
measurements was also performed for the irradiated samples
and un-irradiated ones using an electrolytic cell with as
LaNiy¢Alg4 cathode apparatus. Details of the electro-
chemical hydrogen absorption rate are reported elsewhere .

Figure 1 shows hydrogen absorption curves of
LaNi, ¢Al, 4 irradiated by 350 keV He", K and Bi".
1-b) is a partial expansion of Fig. 1-a). The charge
capacity at 120 minutes of He" (X: dose of 1x10* /m?), K*
(A:1x10" /m? and W: 1x10% /m?), Bi" (M: 2 x10' /m?
and @: 1x10% /m?) irradiated samples and un-irradiated
(@) were 8.88x10°, 8.70x 10°, 1.10x 10%, 6.79x 10%, 1.31x
10° and 6.45 x 10° As/m? respectively. The LaNisgAlys
irradiated by the Bi" at a dose of

Figure

dissociation of the hydrogen molecule, at the surface of the
samples, the nucleation site of the hydride formation might
be effective for the hydrogen atom in the LaNiy¢Algy
surface region because of the formation of vacancies with
high concentration. All the irradiated samples showed a
rate of initial hydrogen absorption that was higher than the
un-irradiated one. However, He - and K -irradiated
(1 x 10" / m? samples showed almost similar curves.
According to the result of the TRIM/SRIM simulation?, a
peak of the vacancy defects concentration by the He+ and
K+-irradiation is indicated in 800 and 100 nm depth from
the sample Furthermore, the
vacancy of the high concentration is different from two of

surface neighborhood.

ion species describe the above, and is produced around the
surface neighborhood by the Bi' irradiation. The vacancy
by the recoil is more predominant than by the ionic
excitation in the heavier Bi". Thus, the vacancy defects of
the high concentration by the heavy ion irradiation are very
for the surface modification of hydrogen
absorption materials. And this result, it was revealed that
the defect introduced by ion irradiation contributes to
The ion

with defect distribution more widely than an ion with a peak

effective

improvement of the initial hydrogen reaction rate.

is faster at the initial hydrogen reaction rate in depth
direction.
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Vacancy-Induced Magnetism in ZnO Probed by

Spin-Polarized Positron Beam
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Zinc oxide (ZnO), which is a wide-bandgap
semiconductor, is known to show d° ferromagnetism .
This ferro-magnetism could be induced by lattice defects.
Ab initio studies predicted that cation (Zn) vacancies cause
the ferromagnetism in ZnO ?. However, experimental
results suggest that cation or anion vacancies, oxygen
interstitials, dislocations, lattice distortions, or grain
boundaries cause the ferromagnetism. The cause of this
chaotic situation is the lack of the measurement technique
which can estimate the relation between macroscopic
ferromagnetism and lattice defects. ~ We expect that
spin-polarized positron annihilation spectroscopy (SP-PAS)
can solve this problem. Because positrons are sensitive to
vacancies and electron spins, the SP-PAS technique may
detect magnetic moments associated with vacancies. For
this purpose, we have developed a longitudinally
spin-polarized positron beam® and have applied for the
study of vacancy-induced ferromagnetism in ZnO crystal.
Oxygen ion were implanted to the hydrothermally-grown
ZnO single crystals with a dose of 5x 10'® cm™ at 100 keV.
Vacancy defects were created in the range of 100-200 nm
After

broadening of annihilation radiation (DBAR) measurements

from the surface. irradiation, the Doppler-

were carried out in the magnetic field of *= 091 T.
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Fig. 1
negative magnetic fields obtained for (a) unimplanted
and (b) O+-implanted ZnO samples.

Difference DBAR spectra between positive and

Figure 1 shows the differential DBAR spectra between
The DBAR spectra
of the unimplanted ZnO sample show no differences upon

positive and negative magnetic fields.

field reversal, suggesting no spin polarization of electrons
participating in positron annihilation. On the contrary, the
oxygen-implanted ZnO spectra show a difference upon field
reversal, providing information about the spin polarization
of the electrons participating in positron annihilation.
Previous work showed

that positrons implanted in

oxygen-implanted ZnO are fully trapped at Zn vacancies?.
This result means that the magnetic moments at Zn
vacancies and their ordering respond to external magnetic
fields.

Figure 2 shows the differential DBAR intensity as a
function of annealing temperature. Magnetization obtained

from superconducting quantum interference device
(SQUID) method are also shown. With increasing of
annealing both DBAR

It is inferred that the recovery of

temperature, intensity  and
magnetization decrease.
vacancy defects is accompanied with the elimination of the
electron spin which positrons annihilate.

These results are the first result that found that electron

spins at Zn vacancies is related to d° magnetism directly.
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Lattice Structure Transformation and Change in

Surface Hardness of NizTa Intermetallic Compounds
Induced by Energetic Ion Beam Irradiation
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Energetic ion irradiation locally gives high density
energy deposition into a target, and it can induce
non-thermal equilibrium phases. In ordered alloys
(intermetallic compounds), such as AB or A;B, each of the
A and B atoms occupies specific sub-lattice sites, and their
atomic ordering is described by the long-range order
parameter. irradiation-induced
rearrangement of A and B atoms can give rise to a change in
long-range parameter. A great deal of experimental data has
demonstrated that ordered alloys such as Ni;Al, Zr;Al, CuTi,
NiZr, show the transition to a disordered structure or an
Such lattice
structure transformations were mainly investigated by using

For these alloys, an

amorphous state by ion or electron irradiations.

the transmission electron microscopy, but, changes in physical
properties which are accompanied by the irradiation-induced
lattice structure transformations have little been discussed so
far. In our previous results, we showed the energetic ion
irradiation induced lattice structure transformation and the
change in Vickers hardness for NizAl D Niz;v 2 and
dual-phase NizAl-Ni;V intermetallic compounds. In the
present study, we have chosen Ni;Ta intermetallic compound
as targets for the irradiation study. The intermetallic
compound Ni;Ta, which shows limited ductility, has been
considered as a reinforced phase in directionally solidified Ni
based eutectic alloys. In this report, we will show the effect
of energetic ion irradiation on the lattice structures and
hardness for Ni;Ta intermetallic compounds.

NizTa bulk ingot was thermally annealed at 1,273 K for
144 h. After the annealing, the ingot was cut into the
sheets with the dimension of 15x1x0.1 cm®. They were
irradiated at room temperature with 16 MeV Au’" ions by
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Fig. 1 GIXD spectra of unirradiated and irradiated Ni;Ta
intermetallic compound.

using the 3 MV tandem accelerator of TIARA. The ion
fluences were from 1x10'? to 5x 10" cm?  After the ion
irradiation, we performed the grazing incidence x-ray
diffraction (GIXD) measurements and the Vickers hardness
measurements with a load of 10 gf.

Figure 1 shows the results of GIXD spectra for the
unirradiated Ni;Ta sample and those irradiated with Au ions.
All the peaks for the unirradiated sample correspond to the
ordered monoclinic lattice structure, which has been
reported as a thermal equilibrium structure of Ni;Ta at room
temperature. For the Au ion irradiated Ni;Ta, the ordered
peaks tend to disappear with an increase in ion fluence.
The peaks for the ordered structure nearly completely
disappear after the irradiation with the fluence of 5 x
10" /em®.  Similarly to NisNb, this result suggests that
Ni;Ta transforms from the monoclinic ordered structure to
the amorphous state by the ion irradiation at room

temperature. Figure 2 shows the relative change in Vickers
hardness for Ni;V, Ni3Nb and NisTa intermetallic
compounds. The Vickers hardness for Ni;V decreases with

increasing ion fluence because the disordered structure is
more deformable than the ordered structure. On the other
hand, for Ni;Nb and Ni;Ta, the Vickers hardness increases
with increasing ion fluence. This result can be explained
as the conventional fact that the value of hardness for the
amorphous state is larger than that for the crystal structure.
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Fig. 2 Relative change in Vickers hardness as a function
of ion fluence for NizV, Ni;Nb and Ni;Ta intermetallic
compounds.
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M. Ochi®, H. Kojima®, Y. Kaneno®, F. Hori® S. Semboshi ”, Y. Saitoh® and A. Iwase

a)Department of Materials Science, Osaka Prefecture University,
) Institute for Materials Research, Tohoku University,
© Department of Advanced Radiation Technology, TARRI, QST

A lot of papers on the irradiation effects on the lattice
structures of intermetallic compounds have already been
published. Most of them, however, have reported
experimental results for thin films by using
transmission electron microscope (TEM) observations.
Recently, we have reported the effect of energetic ion
irradiation not only on lattice structures but also on
mechanical properties of some bulk Ni-based intermetallic
12 In the present study, Ni-50.8%Ti alloy was
used as target samples.

NiTi bulk ingot was thermally annealed at 973 K for
30 min. After the annealing, the ingot was cut into sheets
with the dimension of 1 x 1 x 0.15 c¢m®. They were
irradiated at room temperature with 16 MeV Au’" ions by
using the 3 MV tandem accelerator of TIARA. Some
samples were irradiated with 200 MeV Xe ions at
JAEA-Tokai. The ion fluences were from 1x 10 to 5x
10" cm?®  After the ion irradiation, the effect of the
irradiation on the lattice structure was estimated by using
grazing incidence X-ray diffraction (GIXD). The change
in Vickers hardness by the irradiation was also measured.

compounds
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Fig. 1 GIXD profiles of NiTi bulk alloy before and after

200 MeV Xe ion irradiation.

As can be seen in Fig. 1, the GIXD result shows that,
before the irradiation, NiTi samples have the monoclinic
(B19’) structure, and after the 200 MeV Xe ion irradiation
with the fluence of 5 x 10" /em’ the lattice structure
changes from the monoclinic to the bcc-based structure
(B2 or A2). On the other hand, Fig. 2 shows that after the
16 MeV Au ion irradiation, a broad XRD peak appears

around 42.5 degree, which implies that the samples are
amorphized by the Au ion irradiation. The difference in
the lattice structure change between by 200 MeV Xe and by
16 MeV Au irradiations can be explained in terms of the
amount of energy deposited into the samples through the
process of elastic collisions between target atoms and
energetic ions. For larger deposited energy, the samples
can be amorphised more easily. The Vickers hardness
measurement shows that the hardness of the samples

increases with increasing the ion fluence.
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Fig. 2 GIXD profiles of NiTi bulk alloy before and after
16 MeV Au ion irradiation.
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Clustering of Metal Atoms by High Energy lon

Implantation in Silica Glass and the Effects on
Magnetic and Optical Properties
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Y. Saitoh? and A. Twase
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Nanocomposite glasses containing metal or semi-
conductor nanoparticles have become an object of interest
among a lot of researchers because of their promising
utilization”. The presence of metal nanoparticles leads to
physical property modifications of the glass matrix.

There are several well-known methods to prepare
nanocomposite glasses. Ion implantation is one of the most
suitable techniques for the incorporation of metal
The advantages of
ion implantation are the possibilities to choose a wide
variety of elements to be implanted, to overcome the
solubility limits and to control the implantation depth and

distribution .

nanoparticle in the solid glass matrix.

In the present work, magnetic and optical properties of
transparent oxides implanted with energetic Fe or Ag ions
have been studied. Target samples were SiO, (silica
They were implanted with 380 keV Fe ions or Ag
ions at various fluences. The effects of the implantation on
magnetic properties were studied by wusing SQUID
magnetometer. The change in optical absorption was also
studied. = To investigate the chemical states of the
implanted ions, the X-ray absorption near the edge structure
(XANES) was used.

Figure 1 shows the magnetization-magnetic field (M-H)
curves at room temperature obtained by the SQUID

glasses).

2
® 1E+17
e 7E+16
1.5 o 3E+16 o ® P
L]
‘€ o
g ! ot oY
° o ®
L °
&90.5 & o °
3 ® o0
g 0 &
g .00 o
§-0.5 Jo
g _‘I p ° o o L]
= o ® °
-1.5] 6 °
-2
-10000 -5000 0 5000 10000
Magnetic Field[Oe]
Fig. 1 Magnetization for Fe implanted SiO, matrix at

300 K as a function of magnetic field.

measurement for Fe-implanted SiO,.

The figure shows that the magnetic state of implanted Fe
changed from the (super) paramagnetic to the ferromagnetic
state with increasing the amount of implanted Fe ions.
This implies that during the implantation, small Fe clusters
were produced and that the lattice structure of Fe clusters
became the BCC structure. XANES observation confirms
the change in the Fe state from isolated Fe atoms to metallic
Fe clusters during the implantation.

Figure 2 shows the optical absorption spectra for
Ag-implanted SiO,.
corresponding to the surface plasmon resonance of Ag

An absorption band around 410 nm,

nanoparticles, was confirmed. With increasing the amount
of implanted Ag ions, the intensity of 410 nm peak
increased and another peak appeared around 700 nm.
This experimental result suggests that the shape of Ag
clusters changed during the Ag implantation.

Reference
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Fig. 2 Absorption spectra of SiO, implanted with Ag ions
at various fluences.
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Depth-Directional Magnetic Modification for Bulk FeRh

by High Energetic Ion-Irradiation
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FeRh alloy with B2 (CsCl type) ordered structure is well
known to exhibit a first order phase transition from
anti-ferromagnetic (AF) to ferromagnetic (FM) near the
room temperature. In our previous studies, we revealed
that energetic ion beam irradiation induced FM state below
room temperature where AF state was originally stable.
Further

transition to high temperature phase that resulted in

irradiation of FeRh caused structural phase
exhibiting paramagnetic (PM) nature. In addition, we
revealed that the change in magnetizations was related
directly to the density of energy deposited through elastic
collisions between ions and the samples as can be seen in
Fig. 1.
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collisions for irradiated (2 MeV He ions).

By considering a suitable condition of ion beam
irradiation to modify magnetizations, it may become
possible to produce magnetic layered structures such as
FM-PM-FM-AF in bulk or thick film FeRh samples from
the surface.
possibility to control depth-directional magnetic modify-
cation by high energetic ion-irradiation for FeRh.

Homogenized FesoRhsy bulk samples were irradiated
with 2 MeV He ions in the range of fluence of 1.5x 10"
~1.5%10" jons/cm® at room temperature. Then, magnetic
properties were characterized by a SQUID magnetometer.
The design of the depth-directional magnetization profile
was performed by deposition energy profile simulations
using a TRIM code.

The overall

In the present studies, we examined the

experimental results suggest that
depth-directional magnetic modification can be realized by

high energetic ion-irradiation for bulk FeRh. Figures 2 and

QST Takasaki Annual Report 2015

3 show the estimated magnetic depth profiles of the FeRh
bulk samples irradiated with 2 MeV He ions of the ion
fluence of 1.5 x 10" ions/cm® and 1.5 x 10'® jons/cm?,
respectively. In accordance with the SQUID measurement
for the corresponding sample, the sample had the almost
same magnetization as that calculated from the estimated
depth profile in Fig. 1.

Hence, we can reveal that the designed magnetic layered
structure can be produced in FeRh bulk by using the
technique mentioned above, which is quite attractive from
the view point of magnetic device application of this
material.
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Fig. 2 Saturated magnetization at 5 K of the irradiated
(1.5x 10" jons/cm?) bulk FeRh as a function of depth.
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Fig. 3 Saturated magnetization at 5 K of the irradiated
(1.5x 10" ions/cm®) bulk FeRh as a function of depth.
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Synergetic Effect of He, H and Displacement Damages on

Irradiation Hardening and Microstructures of F§2H

D. Hamaguchi, M. Ando and H. Tanigawa

Department of Fusion Reactor Materials Research, RFI, QST

Reduced activation ferritic/martensitic steels (RAFMs)
such as F82H are the most promising candidates for the
blanket structural materials in fusion reactor". There have
been an extensive works to reveal the neutron irradiation
effects on RAFMs but there still remains a lot of uncertainty
One of
difficulties to predict the development of damages under

regarding the fusion neutron irradiation effects.

fusion neutron irradiations is a lack of irradiation facility
that can reproduce an irradiation conditions such as a
neutron spectrum regarding fusion reactor environment.
Therefore, we need to collect information on particular
events that are expected to be specific under fusion neutron
irradiations by existing
Regarding fusion neutron irradiation on ferritic steels, one of

using irradiation  facilities.
main differences compared to fission neutron irradiation is a
very high He and H transmutation gas production rate. To
understand the effect of He and/or H gas on the development
of irradiation damages, complex beam ion irradiation
experiments are essential. Therefore in this study, multiple
ion irradiation experiments were carried out using TIARA
complex irradiation facility to examine the synergetic effect
of He and H with displacement damage on irradiation
hardening and microstructure evolutions of F82H.

The materials used in this study were reduced activation
ferritic/martensitic steel F82H with couple of different
versions: IEA, Mod3, BA0O7 and BA12. IEA is a standard
version of F82H whereas Mod3, BAO7 and BAI12 are
modified versions with slightly different compositions and
the heat treatment conditions in order to achieve finer grain
sizes for better toughness under neutron irradiation. The
basic composition of IEA is Fe-8Cr-2W-0.2V-0.04Ta-0.1C
whereas Mod3 and BA12 have a higher Ta content of 0.1%

and 0.08%, respectively. For heat treatment, IEA was
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Fig. 1 Micro-hardness data for F82H irradiated up to
20 dpa with multiple ions.

normalized at 1,040 °C for 0.63 h followed by a tempering
at 750 °C for 1 h whereas other modified versions have
normalizing temperature ranged from 1,080-1,020 °C and
tempering temperature of 740 °C. The irradiations were
carried out with 10.5 MeV Fe*" ions with/without 1.05 MeV
He' and 0.38 MeV H'. He and H ion implantations were
performed using aluminum foil energy degraders in order to
achieve the same depth as displacement by Fe ions. The
irradiation was performed up to 20 dpa at the depth
of 1.0 pm. Post-irradiation experiments (PIE) were
performed at Rokkasho Fusion Institute. The irradiation
hardening was measured using nano-indentation technique
with ENT-1100a (Elionix INC) and some microstructures
were observed with JEOL JEM-2100F transmission electron
microscope (TEM) operating at 200 kV.

Figure 1 shows the micro-hardness data for F82H-IEA,
Mod3, BAO7 and BA12 irradiated at the temperature ranged
form 300 °C to 500 °C at 20 dpa. In this year, the data
were mainly collected form the irradiations at 300 °C and
350 °C. It has been revealed that for all the versions of
F82H, the irradiation hardening peaks at around 350 °C and
tends to decrease along with irradiation temperatures above
400 °C. On the other hand, the most pronounce effect of
co-implantation with He and H are seen only at 300 °C.

In this study, void swelling behaviors were also
examined. Figure 2 shows the cavity microstructure of
F82H-BAO07 irradiated at 470 °C with multiple ions. From
the examination, it is revealed that the swelling of BAO7
was very small compared to IEA. This can be due to a
stable lath microstructure at higher temperatures compared
to IEA, but further investigation is needed for the details.

Reference
1) H. Tanigawa ef al., J. Nucl. Mater., 417, 9-15 (2011).
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Fig. 2 Cavity microstructure of F§2H-BAO7 irradiated at
470 °C up to 20 dpa with multiple ions.
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Helium Effects on Hardening Behaviors of Ni Metal and

Austenitic Stainless Steel Irradiated up to 200 dpa

N. Okubo and N. Ishikawa

Fuels and Materials Engineering Division, NSEC, JAEA

Effects of simultaneous irradiation of helium ions with
displacement damage by accelerated self ions on hardening
have been studied for Ni metal and SUS316L austenitic
stainless steel to evaluate fundamental mechanical properties
and the irradiation response in high irradiation fields as a
spallation target and fusion systems.

In TEF-T facility (Transmutation experimental facility on
Target for ADS), which will be constructed in J-PARC
(Japan Proton Accelerator Research Complex) around 2019,
SUS316L steel is a candidate material for the first stage
target window because of the high reliability for neutron and
proton irradiation. The MLF (Materials and Life Science
Experimental Facility) in J-PARC has used SUS316L as a
target window material from the first beam in 2008, in the

mercury target system").

The second target material used
at high proton beam power will be ferritic martensitic steel,
like a T91.

Irradiation hardening behavior of ion irradiation and
neutron irradiation was compared by using dual-beam for
energy technology (DuET) facility of the University of
Kyoto and HFIR (High Flux Isotope Reactor) in ORNL
(Oak Ridge National Laboratory)®. Further irradiation
damage effect over 100 dpa at 300 °C and He effect on the
hardening behavior due to single and dual ion irradiation
was studied by using TIARA (Takasaki lon Accelerators for
Advanced Radiation Application) triple ion beam chamber
in QST.
behaviors of SUS316L steels in the case of simultaneous

In this report, we address irradiation hardening

irradiation of helium at considerably high damage levels up
to around 200 dpa.
basic reference material.

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 the SUS316L
(solution annealed) and Ni metal at 300 °C. Each
specimen size is 3 mm height, 6 mm width and 0.5-1.0 mm
thickness.
single and dual irradiation, respectively. The irradiation

And Ni metal was also irradiated as the

Achieved damage level was 200 and 172 dpa in

rate was 1.2 x 10 dpa/s and Helium rate was about
100 appmHe/dpa.  After the irradiation, the micro-hardness
was measured by using nano-indentation.

Hardening behaviors of 316L and Ni, single and dual
In the case of Ni,

radiation hardening induced by the dual ion beams is a little

irradiations are shown in Fig. 1.

higher than that induced by single ion beam. On the other
hands, in the case of 316L, almost no He effect was
These 4 types of irradiations showed the
saturation of hardening around 50 dpa in these experiments
and kept constant up to 200 dpa.

observed.

Previous study showed that ferritic martensitic steel,
F82H had He effect on the radiation hardening as an extra
hardening around 100 dpa®. In this experiment, however,
SUS316L and Ni do not have the He effect remarkably.
Both SUS316L and Ni have a FCC (Face Center Cubic)
The F82H has a BCC (Body Center
This implies that the FCC
crystal structure does not have susceptibility to He effect

crystal structure.
Cubic) crystal structure.

caused by the
More detailed
experiments will be necessary for estimation of He effect

on radiation hardening, which is

accumulation of interstitial loops.
on radiation hardening, which depends on the crystal

structure, or not.
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Fig. 1 Dpa dependence of irradiation hardening for

single and dual irradiated each Ni and SUS316L.
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Simultaneous Irradiation Effect of He and H with

Displacement Damage on Swelling Behavior of
T91 Steel

N. Okubo and N. Ishikawa

Nuclear Science and Engineering Center, JAEA

In a future ADS (Accelerator Driven System) plant, the
target window, which is an important boundary between a
high energy accelerator for protons and a spallation target of
Lead-Bismuth Eutectic (LBE), and fuel cladding materials
will be heavily irradiated under severe conditions, where
considerable displacement damages, and high concentration
of He and H atom accumulations will occur simultaneously

due to high energy proton and spallation neutron irradiations.

Degradation of mechanical properties and volume change of
the components after irradiation at relatively high
temperature, ex. from 450 to 550 °C, should be suppressed
within a range permissible for the ADS design. High
fluence neutron irradiation experiments up to about 20 and
100 dpa, which are estimated as upper limits of window and
cladding material irradiation damage, respectively, are
practically difficult due to the long time irradiation and the
irradiation cost.  Especially, nuclear transmutation gas
concentration in the present experimental reactor irradiation
is not sufficient for estimating He and H impacts over ADS
system irradiation conditions. Simultaneous multiple ion
irradiation is a powerful technique for simulating ADS
irradiation fields in order to select candidate materials prior
to material irradiation experiments, so called a transmutation
experimental facility (TEF-T), which will be constructed on
the site of J-PARC. In this study, we address the swelling
behavior of the T91 steel, which is one of the candidate
materials for the target window and fuel clad, in the case of
simultaneous irradiation of helium and/or hydrogen at
relatively high temperature at 500 °C.

lon irradiations at the TIARA facility in QST were
performed with 105 MeV-Fe** (single irradiation),
10.5 MeV-Fe** with simultaneous 1.05 MeV-He" ions (dual
irradiation) and 105 MeV-Fe** with simultaneous
1.05 MeV-He" and 0.38 MeV-H" ions (Triple irradiation) up
to 40 dpa for T91 steels at 500 °C. Depth distributions of
He and H were broadened around 1 micron depth by using
800 nm thick aluminum energy degrader. Helium rate was
about 15 appmHe/dpa. Hydrogen rate was about
110 appmH/dpa. Concentrations of He and H are
750 appmHe and 5,600 appmH, respectively, for irradiation
of 40 dpa. After irradiations, the swelling behavior was
estimated by using TEM (Transmission Electron
Microscopy) observation of a specimen picked up from
around 2 micron depth with an FIB (Focused lon Beam)
technique.

Figure 1 shows a cross sectional TEM images of single,
dual and triple irradiations from surface to around 1.5 mm
depth, where the region was multi ion irradiated. In the

case of single irradiation, no cavities observed at 500 °C and
40 dpa around 1 mm depth (even at 100 dpa at displacement
peak depth). In the cases of dual and triple irradiation, lots
of cavities appeared as white dots shown by arrows and
caused swelling around depth from 0.9 to 1.6 mm. The
number density (ND) and average size of cavities irradiated
by dual and triple ions and the swelling in T91 are shown in
Fig. 2. In the case of dual irradiation, the maximum
swelling was 3% for the depth of 1.2 mm and the average
cavity size was about 5 nm. The supplemental hydrogen
irradiation makes the cavities grow up and increases the
swelling up to 6.5%, almost twice around 1.5 mm depth.
Hydrogen atoms encouraged the swelling considerably
around 1.5 mm depth. Helium atoms are known to be
effective against swelling through sink balance between
voids & interstitials. Comparing with ND and cavity size
in triple and dual irradiation, it is suggested that H enhanced
vacancy transfer to larger cavities as a growth mechanism
something like an Ostwald ripening.
No cavity ' O %

0 (Surface) 0.5

Fig. 1 Cross sectional TEM images of T91, single, dual
and triple irradiations.
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Fig. 2 Number density and average size of cavities

irradiated by dual and triple ions and swelling in T91.
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Morphology Change of CeO, Thin Film

Induced by He Precipitation

H. Serizawa®, S. Yamamoto” and K. Yasunaga®
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b)Department of Advanced Functional Materials Research, TARRI, QST,
© Research & Development Department, WERC

Recent investigation performed by JAEA showed that a
gas bubble bounded by facets is formed in UO, during a
process of a precipitation of helium followed by injection
with Hot Isostatic Pressing (HIP).

The interest phenomenon they found is that the shape of
the negative crystal changes depending on the inner pressure
of cavity, which implies that the shape of the cavity can be
controlled by the condition of helium release from the cavity
followed by the injection. The shape controllable negative
On the other hand, the

study on the morphology of the facets on Wulff-shaped UO,

crystal is named an image crystal.

cavity showed that the structure of (001) facet has
complicated trench structure composed of {111} and {001}.
Recently, we are studying the variation of morphology of
FCC-type material by the precipitation of He using CeO,
thin film. This paper addresses the detailed observation of
the gas bubble formation in the thin film using STEM.
Pieces of CeO,(100) thin film were heat treated at
1,273 K for 2 h. The films were irradiated with 130-keV
He" ions using the 400-kV ion implanter of TIARA. The
ion doped film was heat treated at 1,773 K for 2 h in air.
Its surface morphology was analyzed by FIB-STEM.
Figure 1 shows the surface morphology of the annealed film.
It was found that many blisters were formed on the surface
of the thin film. The idea of gas-driven blister growth on a
metal surface was first proposed by Evans”. Although he
addressed his attention only to metals, Kuri et al. showed
that a similar phenomenon was observed in the surface
So, the
blisters seen in Fig. 1 are considered to be formed by gas

region of a ceramic (yttria-stabilized zirconia)®.

bubble accompanied by the precipitation of He beneath the
surface. The lid of the blister is blown away since the

sample is ceramics. The morphology of the sample

cross-section observed by BF-STEM is shown in Fig. 2.

- A . -

Fig. 1

Morphology of film surface observed by FIB-SEM.

Many gas bubbles are formed in the thin film. The size of
the gas bubble falls within the range from 30 to 100 nm in
diameter.

Figure 3 is a high-magnification STEM image of one of
the gas bubble in Fig. 2. The shape of the gas bubble is
truncated octahedron but clearly different from that of void,
which mean that the existence of He in the gas bubble
affects on its shape.

® oorm

B 0.05um

Fig. 2 BF-Cross sectional BF-STEM image of He doped
film.

100 nm

Fig.3 STEM image of the gas bubble.
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Evaluation of Irradiation Resistance of ODS Ferritic Steel

for Fast Reactor Application

T. Tanno, H. Oka, S. Ohtsuka, Y. Yano and T. Kaito

Fast Reactor Fuel Cycle Technology Development Department, AFRC, JAEA

Fuel cladding tube which has long life time, high
temperature strength and good irradiation resistivity, is key
technology for high performance fast reactors (FRs). They
will be exposed heavy irradiation up to 250 dpa, and the
temperature of them will reach to 700 °C during normal
operation. Japan Atomic Energy Agency (JAEA) had been
developed oxide dispersion strengthen (ODS) steels as the
candidate materials, and tempered martensitic 9 and
11Cr-ODS steels are promising. Recently, the quality of
them got better by improvement of manufacturing process.

The high temperature strength corresponding to the
durability of the ODS steels is provided by fine and dense
oxide particles. Hence, the stability of dispersed oxide
particles
In addition, 11Cr-ODS steel has been developed in order to

under the irradiation has to be evaluated.
enhance the corrosion resistivity, though higher Cr content
could induce an irradiation embrittlement around 400 °C.
However, the new high-quality JAEA 9 and 11Cr-ODS
Thus this
study aims to evaluate the irradiation behavior of the new

steels have been never irradiated in any reactor.
JAEA-ODS steels early, using ion beam irradiation.
The target dose is over 250 dpa which is the peak dose at the
end of the life of an advanced FR fuel.

The irradiation materials were the new JAEA 9 and
11Cr-ODS steels. Furnace slow cooling treatment from
1,050 °C (FC) or normalizing (1,050 °C) and tempering
800 °C heat treatments (NT) were conducted before the
irradiation”. In order to induce large amount of irradiation
damage in short time, 10.5-MeV Fe** ion beam irradiation
tests have been carried out at 700 and 400 °C using tandem
accelerator in TIARA. Fe self-ion beam irradiation could
induce irradiation damage efficiently without undesirable
effects of unrelated element atom penetrations. Some of
specimens have been irradiated with 10.5-MeV Fe** and
1.1-MeV He" dual ion beam from tandem and single-end
accelerators at 470 °C to simulate the simultaneous effect of
the irradiation dose and transmutation He in the ODS steel
FR fuel cladding tube. The dual beam irradiation temper-
ature was selected in order to maximize the he effects, such
as the He bubble formation and swelling?.

Multi-year repeated irradiations achieved 140 dpa at
700 °C, 230 dpa at 400 °C and 60 dpa with 0.3 appmHe/dpa
at 470 °C; the dose is calculated at 1,300 nm depth H,
Nano-indentation tests were carried out to evaluate hardness
change by the irradiations.
indicating the oxide particle coarsening (softening), and
extreme hardening due to spinodal decomposition or He
bubble formation. The indentation test of the specimens
irradiated over 100 dpa at 700 °C could not be carried out

The hardness is a useful index

because the surface was oxidized V. The evaluation of
them will be carried out by microstructural observation.

Figure 1 shows the hardness (H;7) change due to Fe ion
single beam at 400 °C. The hardness of irradiated ODS
steels were increased at first, and decreased over 150 dpa.
The hardening should be induced by fine and dense
dislocation loops that are irradiation defect clusters.
The hardness of FC materials saturated earlier than that of
NT materials. In FC materials (deformed ferrite matrix),
the amount of sinks of irradiation defects is smaller than NT
materials (martensitic matrix). The difference seems to be
the reason why the hardness of FC materials saturated
earlier. At higher dose, the dislocation loops is coarsened
and the number decreases. Consequently, the hardness
would decrease over 150 dpa. In addition, the behavior of
9 and 11Cr-ODS steels were almost same, so that, the Cr
enrichment from 9 to 11 wt% did not affect the irradiation
hardening behavior.

The irradiation hardening at 470 °C with He was
negligible or much smaller than that of ~50 dpa irradiated at
400 °C without He.  Since higher temperature enhances the
mobility of irradiation defects, they could reach to the sinks
such as sub-grain boundaries easily. Therefore, the defect
cluster formation would be suppressed. As a result, the He
effect on irradiation hardening was not distinct.
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Fig. 1 Indentation hardness change due to Fe ion single

beam irradiation.
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Void Swelling Resistance of High-Nickel Alloy during

Irradiation

T. Inoue™”, S. Yamashita®?, 1. Yamagata®, S. Ohtsuka®, T. Kaito™ and I. Toka ¥

% Advanced Fast Reactor Cycle System R&D Center, JAEA, ® Fukushima Fuels and Materials
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YLWR Key Technology Development Division, NSEC, JAEA

1. Introduction

Precipitation-strengthened high-nickel alloys have been
developed for fast reactor fuel cladding material because of
their intrinsic good dimensional stability. Nimonic PE16 is
known as the representative high-nickel alloy, and it is a
material 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 cause of this
problem was believed to be the re-distribution of ordered
phase y’ and solute segregation 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 using
TIARA facility.

2. Experimental

The materials used in this study were three types of
high-nickel alloys and an austenitic stainless steel for the
comparison; carbo-nitride phase strengthened high-nickel
alloy (8NK_A), carbo-nitride phase strengthened and
cold-worked high-nickel alloy (22NK-28, the same chemical
composition as that of 8NK_A) and Ti-modified SUS316
stainless steel (PNC316) (see Table 1, 2).

Specimens were irradiated at the TIARA facility by
12.0 MeV Ni** ions with 1.05 MeV He" ions and 0.38 MeV

was about 1.0x 107 dpa/s at this depth. The implantation
rates for He and H were 1 appmHe/dpa and 15 appmH/dpa,
respectively.

Thin foils for transmission electron microscopy (TEM)
were fabricated using a focused ion beam (FIB) instrument.
TEM observations for void swelling 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 fluence dependence of void
swelling of 8NK_A, 22NK-28 and PNC316. And these
alloy swelling peak temperature is around 600 °C >¥.  This
result indicates that cold-worked high-nickel alloy (22NK-28)
keeps superior swelling resistant property to the other alloys
in high fluence. It is considered that the effect of cold
working improves its void swelling resistance and that
dislocations induced by cold working would be effective
sink sites for point defects in high fluence.
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60 T T
H' ions. The irradiation was mainly performed to 100 and O 8NK-A
250 dpa at 600 °C at the depth of 1.0 pm and the damage rate 50 | :} gﬁgg;gS o
Table 1 Major chemical composition of SNK_A, 22NK-28 $ 40 /
and PNC316 (wt%). >
Ni Cr Mo W Nb v Ti .% 30
8NK A |35 15 23 15 035 02 001 (E
22NK-28 |35 15 23 15 032 02 <00l 2 2
0.1 > r‘,/
PNC316 | 14 16 2.5 oy 001 0.10 10 ¢ _—*
Table 2 Thermal and cold forming history of 8NK_A, 22NK-28 0 ,/
and PNC316. 0 50 100 150 200 250 300
8NK_A  |SA(1,130 °C x 2 min)+23%CW-+HT(720 °C x 10 h) Fluence / dpa
22NK-28 |SA(L,130 C><2m1n.)+23%CW+HT(720 C > 10h)+10%CW Fig. 1 Void swelling fluence dependence under
PNC316  [SA(1,095 °C x 1 min)+20%CW high-nickel alloys in triple (Ni3++He++H+)

(SA: Solution Annealing, HT: Heat Treatment, CW: Cold Working)

beam ion-irradiated at 600 °C.
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Proton Irradiation Effect on Mossbauer Effect of the

Fe65Ni35 Alloy

M. Matsushita®, H. Wada?, Y. Saito® and S. Kitao ®

2 Department of Mechanical Engineering, Ehime University,
®National Institutes for Quantum Radiological Science and Technology,
9 Kyoto University Research Reactor Institute

Curie temperature of the Fe-Ni Invar alloys increase due to irradiation with high energy electron and some kind particles.
In this study, proton irradiation effects upon Mdossbauer effect in the FessNizs alloy have been investigated. From the
analysis results for Mdssbauer spectra, in FegsNiss irradiated by proton with 2 MeV, the magnetic component with hyperfine

field at 10 T is more stable than that in non-irradiated FegsNijs.

Further analysis for the hyperfine field distribution, we need

the Mossbauer spectra measurements for more large and *’Fe-rich FegsNiss irradiated by high energy ion.

B TRV R TR PR DN E 2 S T 28T 7 TR
ELTHE A SN TV B, FegsNiys ILELK DS 4 (Wbbd
AL N—54) DIRBEED, BRI — R TR L ST
EHRMANCIERTAZE1T, 1970 ERIVIRESNTRY., i
P AT BRI OFHBINC SN TOWZELL TR W EE
Ho ), ChEToOMEICEIE, ERBERIT. s rL
F—hi A LR TT TR DOEZEICIDIT T UICEED B AL
REMBET 5B 26N, —JF, BIICE->Tlidsniz
TREEME DRI DV, BALRIE L ERBRRIEIC
KDWFFEN L R DR FES L= BliE 72,
ARFFEClIA A FREI 73 FegsNiss (2 5- 2 DIARRI 22 2L &
TETHIEEEMEL, A4V BRE 21T 572 FegsNiss 122
WTARNG 7 — 53 FRE & T LTz,

ARFZE T, JES 10 pm O FegsNiss 6% A E A,
2MeV @ proton % 1 x 10" ions/mm? B4 L 7= (Fig. 1 ZR),
BRI 5 X Smm THD, TRIM # Wz I=al—ia
LA, Proton OFRFRIT 18 pm THY, A7 (front)
Yo NEEEL, %5 (rear) Yo 7 NV HIZE IET 5,
FOI= % IR T LD collision event HEEH
3%,

Fe Ni, foil
front rear

2MeV-Proton

R ——

Fig. 1 Schematic diagram of proton irradiation.
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IZIZZERHLNZ2ND, FIREELIZ 10T ITFICE —2 %
DRSS, BBEE . RIBHD FegsNizys EbICENIAED D,
BHE Y 7L DIFH, 10 T IEICE — 225 DM
VIR L E THY, ZORER S DN~ 7 a2 iR
IR D EIRM ~DYERIZF 5 L& 25D,

AUFFRETEC , FARBREFRE AT DHICE 7208, FEM
RO E T HITIIRE R FmEEZLD TFe 2 F L LIRS
BT NBUETHD, 5%, LR e R "l e/t
T MAZK LS BTV AANG 7 — 3 e 5 R R 95
FETHD,

(a) 10
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by~
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Transmission

T T T T
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Fig. 2 Modssbauer spectra for non-irradiated FegsNiss (a)
and irradiated FegsNiss (b).
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Effect of Damage Depth Profile on Hydrogen Isotopes

Dynamics in Tungsten

Y. Oya, K. Yuyama, H. Fujita, S. Sakurada, Y. Uemura, C. Hu, T. Miyazawa and T. Chikada

Graduate School of Science and Technology, Shizuoka University

Thermal annealing effects on deuterium (D) retention for Fe** damaged tungsten were studied.
retention in 0.1 dpa damaged W was clearly reduced as the annealing temperature was increased.

It was found that total D
In particular, retention of

D trapped by voids was significantly reduced by annealing at 1,173 K. However, increasing defect density, the large
reduction of D retention was not found. These results suggest the recovery behavior of defects would be controlled by

defect concentration.

Introduction

2725 (WD DT BamicsnT, 75
A=z stmEss~OR AP REFTINTWD, W IZITF LT
FALINHFHET-EDEH RN =R T BARL, flix D
BRI KB DTE RS ND T80 | REHCH LK FERINMLER W
HFICHRE 585 200, B R OBLE N BKFEFNL
IR R B OMEIAIL B CTHD, HIREREE N CIE KM
[ /B D128 | WP E RN D /K 36 [RINL A B 2 8h &3
i3 BIIIINET ==V RO BENRLETH D, A
BFSE I, flix DRSS ETRIBEALZ W A 1,173 K 12
THIEAL | B KRR 2/ A7 L 72,

Experimental

TIAR=T VT NALHETIN T % W 310 mm® x
0.5 mm") IZxtL T, AR EDTHIZ 1,173 K 12T
30 43RO MBILEREAT > 7244 . &I B 1 FH R 22T oD
3MV &5 Mg (TIARA) & VT, 6 MeV @ Fe*'%
EIRIZT 0.01-1.0 dpa ETHRE LIz, 2Ok, H#HKFEIC
T, 573-1,173 KIZ T30 43 RINEAL 7=, ZH030EHTRIL
1.0keV DD, 275927 21.0x 108 Dm?s! 1T, 7Ly
A3 1.0 x 102 D m? L7225 £ TR L, 58 DiEEE
(Thermal Desorption Spectroscopy; TDS) & FV T, HK
ROWR B A TN L7,

Result & Discussion

Figure 1 (ZZIRICT Fe® S LZ W Bl 2K IREIC T
TN - 12 1 K FE I L 7=BR O EK BRI ART L%
R, EARFEOMHIZEIZ 400 K. 600 K, 800 K (2 R
770 Peak 1 |33 MW &SN 7 EAKE M QHshi L — 7125l
WENT-EHEAKRFZEDOH M, Peak 2 1R FZ2 SO,
Peak 3 [IRARDSOMHTHLEENENIRELE",
TNEVEFE S EFH- 321223 TC, Peak 3 IZRITDHEAEM
BEIIREBDTIIENG oz, ZHIMEUZ LA
ARDBEE LD THDHEE 2=, —J7 T, Peak 1 IZEIF
DEARBWEEIL, MBGREN ERALTHIZEASEILL
RhroTz,

AT, 0.01 dpa 75 1.0 dpa ETHEIEREZE(LEE TR
RS L2212 1,173 K CHREMIL 723N B 2 AR
TDS A~ V% Fig. 2 1R, 853 0.3 dpa UL ETiX,
Peak 3 IZBITDHKRFORHEIZ 0.1 dpa DFED LI
KRERBDT RO T, ZHITEEESEINL-Z
LIZXO RGN ER L, REEDEELCT <lesTzle®d
FLEZLND, o, BEENEINT IO, Peak 3 12
BUF HHE K FE O PBEREE 2N FHRANZ S 7 MUz, ZAUER
Mo B o> EFACEIY, EKSE DSBS O f e/ B fR i A2

DHFGNREL ST D THHEE ZHIND,

TNDHOFERNE, MEATHZ L TRIBOMIEIZED EK
FRIRE BT T D08, RO BEIEZEENT R EOREIC
SO TRELEAT BN b T,
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Fig. 1 D, TDS spectra for 0.1 dpa damaged W with
post-annealing at various temperatures.
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Fig. 2 TDS spectra for post-annealed W at 1,173 K in the
damage levels of 0.01-1.0 dpa.
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Effects of Ion Irradiation on Hardness and Microstructure

of Pure Tungsten

K. Ozawa®, T.-H. Hwang ", M. Fukuda®, S. Nogami ",
A. Hasegawab and H. Tanigawa 2

2 Department of Fusion Reactor Materials Research, RFI, JAEA, ® Tohoku University

Tungsten (W) is the primary candidate materials as a
diverter or a plasma facing material (PFM)" in fusion
devices, primarily due to its high melting temperature, good
thermal conductivity and low sputtering rate.

For diverter, recrystallization and radiation induced
embrittlement, the effects of transmutated atoms of W itself
are key issues. Process optimization are in progress and
more radiation-tolerant W alloys are being made.
information of its irradiation effects is quite required,

However,

because recent neutron irradiation results ? suggest that
behavior of W after irradiation is complicated and that
radiation induced defects depends on neutron/ion irradiation
At the first step, examining especially only the
effect of displacement was desired.

Pure-W after removal of residual stress was chosen as
materials. Ion irradiation was performed at TIARA facility
of JAEA. Eighteen MeV W®" ions were irradiated to
induce displacement damages (single-ion irradiation).
Irradiation condition is ~5 dpa, and 500 and 800 °C. Nano
indentation hardness was evaluated using a nano indenter
with a triangular pyramid Berkovich diamond tip. The
direction of indentation was chosen to be parallel to the
ion-beam axis.

sources.

For a microstructural investigation, the
irradiated samples were subjected to a thin foil processing

using a focused ion beam device (FIB) and
electrochemical-polishing. Microscopy was performed by
a field emission transmission electron microscope
(FE-TEM).

Irradiation hardening to ~3 GPa, which was also

4.0
— 35 (a)
& 3.0 1
S s ﬁ"“"‘*i
w 2.0 |7
- %
=15
£
a 1.0 1 c,
an —-500C
<03 —4—800°C
00 1 1 1 1 |
0 1 2 3 4 5 6
Damage Level [dpal
Fig. 1 Irradiation hardening of pure-W at 500 and 800 °C.

observed in neutron irradiation study?, was saturated for
pure-W (Fig. 1) after ldpa irradiation. The FE-TEM
results where small dislocation loops and voids were
detected (Fig. 2) suggest that these defects can be one major
mechanism for the irradiation hardening.
To confirm these microstructural affect

nano-indentation hardness, Orowan’s equation (Eq. (1)),

factors

relationship between yield stress and Vickers hardness
(Eq. (2)), relationship between Vickers hardness and

nano-indentation hardness (Eq. (3)) were wused for
calculation;
ﬂ.ﬂ'y =Mﬂﬂb‘u‘ﬁ (1)
ﬂ.ﬂ'y = S.DﬁﬂHﬁ (2)
H,=(0.8/9.8)x 10° x H 3)

where Ac, = yield stress change, M = Taylor factor,
p = stiffness, b = Burger’s vector, o = strength factor,
N=number density, d=loop diameter, H,=Vickers hardness,
H=nano-indentation hardness, respectively.

As a result of calculation, 2.9 GPa of increase was
calculated (vs. 2.7 GPa for experimental value) after 500 °C
irradiation, and 3.0 GPa vs. 2.9 GPa after 800 °C irradiation.
Experimental values were correspond to calculated values.
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Fig. 2 TEM microstructure of pure-W irradiated to 1 dpa
at 500 °C (left), and at 800 °C (right).
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Irradiation-Induced Microstructural Changes of

Highly-Crystalline SiC Fibers

T. Nozawa, K. Ozawa and H. Tanigawa

Department of Fusion Reactor Materials Research, RFI, JAEA

A silicon carbide fiber-reinforced silicon carbide matrix
(SiC/SiC) composite is a promising candidate material for
an advanced fusion DEMO blanket because of the excellent
thermo-mechanical, -physical, and -chemical properties and
irradiation tolerance of SiC itself .  The irradiation
stability of highly-crystalline and near-stoichiometric SiC
fibers is therefore believed to be similar as that of high
purity monolithic bulk SiC materials because of many
similarities in microstructure. However, based on the
recent irradiation experiment results, it was claimed that the
irradiation behavior of the SiC fibers, especially Hi-Nicalon
Type-S fiber, was quite different from the bulk SiC material.
The severe shrinkage of the SiC fibers was expected by
high-dose irradiation. According to the previous results
irradiated to 100 dpa at 300 °C?, carbon phases, which were
located inside the SiC fiber as residual phases as well as at
the fiber/matrix (F/M) interface, tended to be reduced or
diminished. ~The FE-TEM results and EELS analysis
eventually suggest that the shrinkage would be responsible
for the transport of excess carbon atoms from intergranular
phase into SiC grains, and resulting production of excess Cg;
antisites. This resulted in interphase and fiber deterioration,
eventually decreasing composite strength™.

Interphase carbon and reinforcing SiC fibers are therefore
key to ensure the strength of SiC/SiC composites. Despite
its importance, the information of dimensional stability and
“detailed” microstructure are still insufficient. In the series
of our study, irradiation-induced microstructural and
mechanical changes of SiC/SiC composites have been
evaluated by both ion and neutron irradiation. In this year,
irradiation  induced microstructures of the other
“nuclear-grade” SiC fiber, Tyranno-SA3, were examined.

The materials used in this study were plain-weave
Hi-Nicalon Type-S (HNLS) and Tyranno-SA3 (TySA3)
composites produced via the chemical vapor infiltration
(CVI) process with the multi-layered F/M interface of the
(PyC*™/SiC'""™ sequence. Six MeV Si*" single ion
irradiation tests were conducted at TIARA facility in JAEA
and supplementary at DuET in Kyoto University.
Irradiation dose and temperature was ~100 dpa at 300 and
600 °C, respectively. After the ion irradiation, micro-
structure was examined by FE-TEM.

Figure 1 shows the microstructure of the HNLS and
TySA3 fibers after ion irradiation to 50 dpa at 600 °C at the
TIARA facility. In the unirradiated HNLS fiber, residual
carbon packets are located at grain triple junctions.
According to the previous results irradiated to 100 dpa at
300 °C?, these carbon phases tended to be reduced or
diminished. The tendency was confirmed in the case of

600 °C irradiation; carbon packets corresponding to white
contrasts in the TEM images and amorphous phase at
around very small SiC grains (<~20 nm) were diminishing
with irradiation dose. Other feature of the microstructure
after irradiation was the change of grain size of silicon
carbide; the size is coarsening after the irradiation.

The microstructure of the TySA3 before and after the
irradiation was also shown in Fig. 1. In non-irradiated
condition, unlikely to the HNLS fiber, TySA3 fiber consists
of larger SiC grain with the size of ~200 nm. Additionally
carbon phases were also existed. After the irradiation, the
grain size seems to remain unchanged. Additionally
interaction between SiC grains and carbon packets were not
quite severe by irradiation compared with HNLS fiber case.
The examination of the detail microstructure of SiC
including carbon phases is underway. However, from a
microstructural point of view, it looks like the TySA3 SiC
fiber is more stable than HNLS fiber at the high dose
irradiation condition over 50 dpa.
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| Unirradiated | | 600°C, 50 dpa, single |

o
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Tyranno-SA3

Fig. 1  Typical TEM microstructural images of the
Hi-Nicalon Type-S and Tyranno-SA3 SiC fibers after
ion irradiation.
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Gamma Ray Irradiation Effect of Ceramics

M. Kinsho a), S. Takeda a), B. Mikashima® and J. Sugawara b

2 Accelerator Division, J-PARC, JAEA,
® Ceramics Division, KROSAKI HARIMA CORPORATION

We are apprehensive that beam loss will increase in
proportion to beam power in the 3 GeV synchrotron
accelerator (RCS) of the J-PARC. Since loss beam
activates the accelerator components, it is worry that this
loss leads to failure to the equipment of the RCS. In
particular, changes in mechanical strength and thermal
expansion coefficient of ceramics materials being used as a
structural material for accelerator is concerned.  The
purpose of this experiment is measurement of gamma ray
irradiation effect for new ceramics materials which are
developed at KUROSAKI HARIMA CORPORATION.

Gamma rays from Cobalt-60 (2.5 kGy/h of “Co-y-ray)
were irradiated in the ceramic samples up to about
maximum 10 MGy, and the gamma-ray irradiation effects
of the mechanical strength and the thermal expansion
coefficient were measured. The samples used in this
experiment are shown in the Table 1, and the specific
method described below.

Table 1 Irradiation Samples.
Material Characteristics
1 Zerodur -
2 CLEARCER
Glass AM )
3 ULE -
4 Fused Quartz High purity
Cordierite 5 NEXCERA Color: Black
6 NEXCERA Color: Lavender
. 7 Sialon Strength : High
Clirlzlrrlrif: S 8 Sialon Strength : Middle
9 Sialon Generic
10 ALN 170 W/mK
Pressureless 1
11 Sintered SiC Al-B-C Auxiliary
Carbide Pressureless I,
Ceramics 12 Sintered SiC B-C Auxiliary
Pressureless -
13 Sintered B4C Al-C Auxiliary
0,
14 Agl?lrfnﬁ a Generic Alumina
99.7% . .
Coxi de 15 Alumina Generic Alumina
eramics Partially o
16 |  Stabilized 3 mol% Y205
Zirconia
17 Pressureless B
Sintered Yttria
18 Flu"rpoi't’gbg(’ Standard White
Machinable 19 Fluorophlogo Standard Beige
Ceramics pite Moderate price
20 Fluorophlogo Low Thermal
pite Expansion White

(1) Mechanical strength measurement

1) Sample

2) Mechanical strength measurement
Mechanical strength of samples was measured by the
four-point bending method (JIS R1601).
(2) Coefficient of thermal expansion (CTE) measurement
1) Sample
Samples were made by processing the same plate as
mechanical strength samples to the shape of ¢5x13.
2) CTE measurement
The CTE was measured by a laser interference method
(JIS R3251-1990) before and after gamma radiation.

Experimental Results
(1) Mechanical strength

In the irradiation of up to absorbed dose 10 MGy of
Cobalt-60 gamma rays, the strength reduction in partially
stabilized zirconia (MZR) was observed, but the strength
decrease of the others which are cordierite, alumina, sialon,
SiC, AIN, and Fluorophlogopite such as fine ceramics
materials, was not observed. Also, it was not found that
the strength of a glass material changed due to gamma ray.
The relative strength ratio before and after gamma ray
irradiation is shown in Fig. 1. The relative strength ratio of
ULE, fused quartz, NEXCERA, S110, S120, SiC, alumina,
and Fluorophlogopite slightly improved after gamma ray
irradiation. Since the statistical variation in the average
intensity by the sampling in n=10 of the Weibull strength
distribution is estimated to be a few percent with a standard
deviation (about 5% in the case of the Weibull modulus
m=10), it is not necessarily significant for strength increase
of a few percent in this experiment. —However, the
possibility of healing effect can not deny due to gamma ray
irradiation with respect to the materials that were seen of
more than 10%. It is considered that there is no practically
mechanical strength change because the improvement of
these mechanical strength relatively not large.
(2) Thermal expansion coefficient measurement

Thermal expansion coefficient (CTE) of NEXCERA
which was measured at room temperature was not changed
by gamma ray irradiation of 10 MGy.
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Samples were made by cutting out about 20 to 22 pieces
of the same plate material. The irradiation test has been
carried out in any of the ten, and the remaining samples
were used for non-irradiation samples.

Sample Number

Fig. 1 The relative mechanical strength of samples before
and after 10 MGy gamma ray irradiation.
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Evaluation Trial for the Lifetime of Charge Stripper Foils

in the 3-GeV RCS of J-PARC
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S. Yamamoto® and 1. Sugai 9

% Accelerator Division, J-PARC, JAEA, ® Tokai Quantum Beam Science Center, TARRI, QST,
C)Departrnent of Advanced Functional Materials Research, TARRI, QST,
9 High Energy Accelerator Research Organization, KEK

For the 3 GeV Rapid Cycling Synchrotron (RCS) in
J-PARC, charge stripper foil is a key technology to keep
high operating rate for multi-turn injection of high-power
proton synchrotrons. For a charge stripper foil in the RCS,
we applied a Hybrid type thick Boron-doped Carbon (HBC:
Boron 25%) foil which is produced with the arc-discharge
method. The required foil thickness is about 1.5 pum
(333 pg/em?) corresponding to a conversion efficiency of
99.7% for 400 MeV injection from the linac. Actually it
has enough toughness to stand high-intensity beam
operation less than 500 kW. But after the beam operation
these foils were occurred deformation and activation in
order of mSv/h. It is very important for 1 MW beam
operation to predict the lifetime of foils. @~ We have
investigated by the microscopic analyses such as TEM for

damage of foils by the Argon ion irradiation in energy of
300 keV of TIARA. Now we cannot estimate the lifetime
of the HBC foil for the 400 MeV beam operation from the
results of offline foils study in TIARA. In order to
evaluate the lifetime of HBC foils quantitatively, we started
to obtain Raman spectra of foils irradiated by each ion such
as H, He and Ar with a different energy such as 0.35, 2, and
3 MeV. Generally Raman spectra of amorphous carbon
film were composed of so called D and G-band broad peaks.
These peaks were shifted by ion beam irradiation damage.
Then we will try to predict the lifetime of foils by estimating
peaks’ shifts of Raman spectra as an indicator corresponding
to DPA (Displacement Per Atom) by simulation code
PHITS.

400
350
300
'S5 250
S,
= 200
(2]
5
£ 150
100 —0min
——1min
50 —10min
0
0 500 1000 1500 2000 2500
Raman Shift [cm™]
Fig. 1 One of the Raman spectra variation for HBC foil by Ar" irradiation period in energy 350 keV, in

current 2 pA with the beam spot size 5 mm diameter, where the horizontal-axis represents the Raman

shift in the wave number and the vertical-axis the intensity of the Raman spectrum. Around 1,600 cm’™
corresponds to the G-band peak, and 1,350 cm™ to the D-band.
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Radiation Resistance Test of Insulation for

JT-60SA In-vessel Coils

D. Tsuru, H. Murakami, M. Takechi, A. Sukegawa and Y. Koide

Department of Tokamak System Technology, NFI, QST

JT-60SA is under construction as one of the Broader
Approach activities V. It has three types of in-vessel coils,
i.e., Error Field Correction Coil (EFCC), Fast Plasma
position Control Coil (FPCC) and Resistive Wall Mode Coil
(RWMC), as shown in Fig. 1. Glass fibre reinforced resin
will be employed for the insulation material of these
in-vessel coils. The insulation is required to withstand the
irradiation through the lifetime, which is estimate at about
10 MGy. In addition, high heat resistance is required for
RWMC insulation material because there will be no cooling
for RWMC during 200 °C baking. The radiation resistance
of resin strongly depends on the kind of resins in the range
of a few MGy to tens of MGy 2 and the same resin as the
actual coils should be used for the radiation resistance tests.
In this study, radiation resistance tests were carried out for
three candidate insulation materials, i.e., epoxy resin (by
TESLA Eng. Ltd in UK) which is the candidate material for
the EFCC, and two types of cyanate ester, BA-3000 and
PT-60 (by Lonza), which are high heat resistive and are the
candidate materials for the RWMC.

Dumbbell shaped tensile samples were produced using
the three candidate materials under the same curing
The tensile
samples were irradiated at the Gamma-ray irradiation

conditions as expected for the actual coils.

Fig. 1 In-vessel coils for JT-60SA.

Fig. 2 Tensile test machine.

facility in JAEA Takasaki Institute up to 15 MGy, which is
higher than the irradiation of actual in-vessel coils, 10 MGy.
There are five patterns of irradiation, i.e., non-irradiated,
2 MGy, 5 MGy, 10 MGy and 15 MGy. The number of
samples is 45 in total; three candidate insulation materials,
five irradiation patterns and three samples for each.

Tensile tests were carried out using a tensile test machine
shown in Fig. 2. Figure 3 shows the samples after the
irradiation and the tensile tests. The epoxy resin is cream
coloured for non-irradiated and it becomes darker coloured
by heavier irradiation. The two cyanate ester materials
show no change of colour by irradiation. Figure 4 shows
the tensile test results. No degradation of tensile strength
due to irradiation is observed. Tensile strengths of all
samples exceed 50% of that of non-irradiated samples.
They also exceed the maximum stress expected in the actual
EFCC, 30 MPa. It is concluded that all of the three
candidate materials have sufficient radiation resistance
performance as an insulation material for in-vessel coils of

JT-60SA.

References
1) S.Ishida et al., Nucl. Fusion, 51, 094018 (2011).
2) J. Kusano et al., JAERI-Data/Code, 2003-015 (2003).
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Fig. 3 Samples after tensile test.
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Fig. 4 Tensile test results.
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Radiation Tolerance Test of the Rotation Target for the

J-PARC Beam Scraper and the ILC Positron Source

T. Omori?, K. Hirano”, Y. Yuri?, R. Yamagata®, T. Takahashi ¥, M. Kuriki ¢, K. Nanmo ©,
T. Sugimura®, J. Urakawa® and K. Yokoya®

D nstitute of Particle and Nuclear Studies, High Energy Accelerator Research Organization, KEK,
Y J_PARC Center, JAEA,C) Department of Advanced Radiation Technology, TARRI, QST,
9 Graduate School of Advanced Sciences of Matter, Hiroshima University,
®) Accelerator Laboratory, High Energy Accelerator Research Organization, KEK

We made radiation test of an electric motor of a rotation target at Takasaki Advanced Radiation Research Institute.
view point of the radiation, the electric motor is one of possible weak points of the rotation target.
The target is irradiated with 0.63 MGy in the Co-60 gamma-ray
The dose of 0.63 MGy corresponds to about one ILC (International Linear Collider) year at the electric
After the irradiation we tested the rotation of the target and no problem was found.

available small rotation target with an electric motor.
irradiation facilities.
motor of the ILC positron production target.

J-PARC V=7 w7 INEE CIEL RF Fav/3Z8iH e — AR
IL—_NzkoT 7 UL AE — 2B EV L TUVD, B —A
AT —RELT, BZERTEERT 52— v RARETEh
T3, Fo, HE =7 23744 — (ILC) TIREINT5
LR a S VR IR TR, B s A4
BRSNS TS, WTFROBAICH, FHfiEY —
ToMIE, B — AT A DEIERARFFT BT | B bR
U VR LA BRI AR NN E ThH S, Tk
fnEUTHRGES L, JAKFIHEN TWD R, 2 E T it
FRERET TSR DM IIEHER S L TR,
FIT, ARERIZR TR, T SRR A D235
ZEEHEMET D,

[BlHRE A ST, BT — 30, [mdRD - 0T —
B2 E DS RS RT U CRETS e rTREME S B D, RS
FTIL, BETETRIR S — L R OV — & — I W REZR IRV Jik
F#E — VR TRESND IS5 TS, ZOMREETHE
PEFRIAD TR ORI EITH 1.5 MGy, T—X—H4%y
DEIUTHI 0.63 MGy THDHIEN GEANTS IZLHT I
L —ar TRESITND,

2014 FEEIIREMETRIAIC ILC @ 3 EEIRICH Y5
4.5 MGy RS Z B0 T ETTIROEEES — /WA
AN TEBICERRS S TR EE MR NS
L7z (MR R G S )

2015 FREIIH— 7 Y NOMEFTHEE X HIHE—F—

(L)

Fig. 1 The target in the irradiation chamber.
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We prepared a commercially
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Fig. 2 The target after the irradiation.
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Survey of Consumer Electronic Parts in the 3D Scanner

with Radiation Resistance

M. Nakamura a), T. Muramatsu® and H. Abe®

? Applied Laser Technology Institute, JAEA,
b)Department of Advanced Functional Materials Research, TARRI, QST

Radiation resistance of electronic parts, is one big
keyword in performing the nuclear reactor decommissioning.
In the decommissioning, since it is necessary to put the
device in the reactor. Because effects of radiation degrade
electronic parts, optical parts, a resin, etc., it cannot ensure
the normal operation of the
countermeasures.

Currently, electronic parts remarkably excellent in
radiation resistance in the space field are used. They are
very expensive and cannot be obtained easily. In consumer
electronic parts, aimed to see if they have high radiation
resistance.

Current Laser Technology Institute owns a 3D scanner
that pulse-Tech Co., Ltd. has been manufacturing. Internal
electronic parts of this 3D scanner and their selection
candidates such as the 20 types CMOS and D/A converter
are prepared. Conducted a ®*Co-y-ray irradiation at TARRI,
gamma-ray irradiation was performed at an intensity of
8.49~8.86 kGy/h in silicon conversion until the accumulated
dose in 10 levels (Table 1). The maximum accumulated
dose was set to the 2 MGy ".

The electronic parts were tied with cotton thread after
tacking with double-sided tape in a stainless steel wire mesh,
Parallel placed with the source, and to allow uniform
irradiation (Picture 1). Radiation was made as much as
possible continuously until target accumulated dose.

equipment  without

Table 1  Ten levels of %Co-y-ray
irradiation  conditions in silicon
conversion set as a reference. If the
accumulated dose exceeds 2 MGy, it
was set to be maximum.

A post-irradiation experiment is planned to check the
effects of the irradiated electronic parts on the 3D scanner
performance (Fig. 1). Carry out the verification of the
performance degradation as a whole 3D scanner unit rather
than the electronic parts alone.

This time of the test is carried out on the subject of
electronic parts, for the optical parts and resin.

Reference

1) IRID, Request for Proposal (RFP) for Conceptual
Study of Innovative Approach for Fuel Debris
Retrieval and Feasibility Study of Essential Technology
Part2-B (2013).

Picture 1  Electronic parts were fixed to be parallel to the
radiation source. The area A of the target 8.86 kGy/h,
the area B is a dose of 8.49 kGy/h has been irradiated.

\ 2 |

Confirmation of the operation
and accuracy of 3D scanner

Replace the electronic parts with the
next of which the dose is higher parts

Accumulated | Irradiation dose
dose (kGy) rate (kGy/h)
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10.0 8.49

20.0 8.49
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201 8.86

548 8.86
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2,520 8.86 Fig. 1
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Operation verification flow chart of the Post-
irradiation experiment for electronic parts.
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Degradation Behavior of Surface-mounted LED by

Gamma Irradiation

T. Takeuchi, N. Otsuka, T. Uehara, H. Kumahara and K. Tsuchiya

Neutron Irradiation and Testing Reactor Center, ORDC, JAEA

In JMTR, wired-instrumented capsules had enabled users
to perform in-situ measurements of the temperature, neutron
flux and so on. However, not all the capsules can be
instrumented because there is no enough space for wires of
On the other hand, after the restart of

JMTR, almost all of the instrumented capsules are already

instrumentations.

booked in irradiation schedule, which results in users not
being able to obtain satisfying irradiation data.

Therefore, in order to make all of the capsules
instrumented, a development of in-water remote sensing
techniques which can realize instrumented capsules without
wires was started from FY2012. According to the result of
the comparison for in-water wireless transmission methods,
acoustic wave radio and wave are disadvantageous due to
low transmission rate and high attenuation coefficient in
water, respectively. As a result, visible light was selected
as the in-water transmission method. As the light emitting
and the receiving devices of the system, light emitting
diodes (LEDs) and photo diodes (PDs) were used,
respectively. From FY2012 to FY2013, gamma irradiation
effects on PDs and bullet-shaped LEDs were evaluated.
The results suggested that the main cause of the decreases of
the light sensitivity of the PDs and the total luminous flux of
the LEDs were not the degradation of the semiconductor
parts but the coloring of the resin parts by the irradiation V.

In this study,
surface-mounted LEDs was investigated in the hope of low

gamma irradiation degradation of
decrease of total luminous flux by irradiation since the
surface-mounted LEDs have thinner resin part than the
bullet-shaped LEDs.

The three types of LEDs were irradiated at the ®Co
gamma-ray irradiation facility?. The specifications of the

Table 1 Specifications of the LEDs.
Type
Surface-mounted
Item
Peak emission 635(Red),
wavelength 522(Green),
(nm) 465(Blue)
Lens material Epoxy resin

Table 2 Gamma irradiation conditions.

Absorbed dose Absorbed dose | Temperature
[kGy] rate [kGy/h] [°C]
10, 20, 50, 100, 1,000 10 ~20

LEDs and the irradiation conditions are shown in Table 1
and 2, respectively. The total luminous flux with their
current rating and current-voltage property were measured
before and after the irradiation.

The dose dependence of the total luminous flux of the
LEDs is shown in Fig. 1.
bullet-shaped LED previously tested by our group is also

For comparison, the result of the

plotted as circles with dashed line. As is case for the
bullet-shaped LED, the total luminous fluxes of all the
surface-mouted LEDs decreased with gamma absorbed dose.
Then, the the resin lenses turned orange-yellow and their
coloring became dark with the irradiation dose though the
current-voltage characteristics almost  unchanged.
Therefore, the main cause of the degradation of the
surface-mounted LEDs is probably the same as the
bullet-shaped one. On the other hand, the decrease rates of
the total lumious fluxes with gamma absorbed dose of the
former was smaller than those of the latter.

These results indicate that the sufrace-mounted LEDs are

more suitable candidates than the bullet-shaped one for the

light emitting devices of the developing in-water
transmission system.
Acknowledgement
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Fig. 1 The total luminous flux of the LEDs with dose.
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Irradiation Test of Semiconductor Components on the

Shelf for Nuclear Robots Based on Fukushima Accidents

S. Kawatsuma a), K. Nakai a), Y. Suzuki® and T. Kase

) Naraha Remote Technology Development Center, JAEA,
®) Collaborative Laboratories for Advanced Decommissioning Science, JAEA

Introduction

Radiation tolerance of semiconductor components on the
shelf, utilized on the robots for emergency response or
decommissioning in nuclear facilities, should be estimated.

Just after the Fukushima daiichi NPPs accidents occurred,
a guideline, of estimation and management method of
semiconductor components on the shelf, was tried to be
made based on the old database developed in the course of
Bilateral Servo Manipulator under the high radiation and
high contamination environments'™. The estimation was
conservative, because the data in the database were old and
mainly based on the test results of silicon semiconductors.
GaAs Semiconductors are coming major recently, and
expected to be higher radiation tolerance.

Irradiation Testing

Semiconductor components on the shelf to be irradiated
for test were chosen from the key components utilized on
Unmanned Ground Vehicles, Unmanned Underwater
Vehicles and Unmanned Air Vehicles that JAEA had
prepared as Remote Operation Tools for Nuclear
Emergency.

Those were mini personal computers, box type personal
computers, web cameras and servo drivers, which were key
control and most sensitive

components for robot

components for radiation effects.

Fig. 1

Components in *°Co irradiation facility.

The irradiation testing was done during March 23th and
25th at the ®*Co gamma ray irradiation facility of Takasaki
Advanced Radiation Research Institute.

Test Results
Most of all components tested had survived up to 300 Gy
or 400 Gy in total. See Table 1.

The tolerance of mini personal computer was over
400 Gy, but the box type computer was only 250 Gy.
However, additional tests may be required to show radiation
tolerance because of only the one test sample.

The one of C-MOS type web camera was around 400 Gy,
and the servo drivers are around 300 Gy.

Table 1 Irradiation test results of components.

Components Radiation Tolerance
mini—PC No.1 428 Gy
mini—PC No.2 458 Gy
mini-PC No.3 445 Gy
box—PC 254 Gy
web camera No.1* 405 Gy
web camera No.2* 412 Gy
servo driver No.1 350 Gy
servo driver No.2 381 Gy
servo driver No.3 330 Gy

* : Web cameras No.1 and 2 are different models.

Consideration

The robot with above-mentioned semi-component can
survive more than 200 Gy. The robot could be more than
300 Gy, if the interface could be radiation hardened.

References

1) M. Fukushima, S. Kawatsuma, et al., PNC TN8410,
93-192 (1993).

2) https://roboticstaskforce.files.wordpress.com/2011/05/20
110427-rcpt-radiation.pdf.

3) S. Kawatsuma and H. Asama, Proc. Annu. Meet. Robot.
Soc. Jpn. 2016 (2016) to be published.
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Development of Radiation-Resistant Braided

Aramid Fiber Bar

K. Izumi a), K. Oka b), R. Yamagata © and M. Kamikawa®

9 Kandenko Co., Ltd., b Department of Quantum Beam Life Science, KPSI, QST,
C)Department of Advanced Radiation Technology, TARRI, QST

We have developed a radiation-resistant braided aramid fiber bar.

concrete structures.

The braided aramid fiber bar is suitable for long-life

In this study, a radiation-resistant performance was added to a standard type of braised aramid fiber bar.

In the future, a radiation safety management facility is required to be long-life building, and less production of radioactive
waste is also preferable in the time of dissolution of the building.
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FRARIES BB LA RN E S L BB 2 5, A TIE,
FRAF DD OB B EL T IIRBHITE AL, 73N
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Fig. 1 Braided aramid fiber bar.
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Fig. 2 Performance of new braided aramid fiber bar.
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Fig. 3 Sample of braided aramid bar after y-ray irradiation
test.
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Fig. 4 The results of the tensile test after y-ray irradiation.
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Element Distribution Measurement in Incineration Ash

Using Micro-PIXE Analysis

T. Abe®, T. Shimazaki®, T. Nakayama®, O. Ohsone®, T. Osugi®, O. Nakazawa ™,

Y. Yuri?

, N. Yamada® and T. Satoh”

9 Nuclear Backend Technology Center, NFCEL, JAEA,
b) Department of Advanced Radiation Technology, TARRI, QST

The treatment and disposal promotion of radioactive
waste is the important activity in the Japanese nuclear
industry. Recently, chemical
contained in low level radioactive wastes have been

hazardous substances
concerned since they can cause environmental pollution
after disposal. Incineration ash is one of the important
wastes because the chemical hazardous substances are
concentrated through an incineration process.

The incineration ash is planned to be solidified into drum
with cement before disposal. To establish the solidification
method of the ash, many studies have been conducted”.
The understanding of the ash cementation mechanism,
however, is not enough to clear the operating conditions of
solidification treatment. In particular, the behavior of
The
behavior of an element is predicted to affect many properties
of a solidified product, for example, hardening time,
solubility, and strength and so forth. The leachability of
chemical hazardous substance is also conformed. We have
thus focused on clarifying the behaviors of elements from
the incineration ash to aqueous solution and from the cement
hydrate to aqueous solutions.

To achieve the objective above, choice of the analysis
method is limited.

elements in the cementation process is not yet clear.

It is necessary to analyze high
concentration resolution and spatial resolution for the
incineration ash sample. The micro-particle induced X-ray
emission (Micro-PIXE) analysis has enough resolution, as
compared with scanning electron microscope / energy
dispersive X-ray spectroscopy (SEM-EDX) and X-ray
fluorescence (XRF) analysis. We therefore attempted to
apply the Micro-PIXE analysis to the study of the behavior
of the element in cement solidification process. As a first

step, the element analysis of an ash particle was performed

— -

] ] 400

Fig. 1
The left gray frame indicates particles @ and @.

B — ——

Microscope images of particles and elemental analysis results.

using the Micro-PIXE system of a 3-MeV proton beam in
TIARA.

Incineration ash was prepared by burning cotton gloves.
The ash was taken from the bottom of the incinerator.
Several particles with different sizes were picked up from
the ash. Then, those particles were embedded in one resin
material. The surface of those particles was exposed for
irradiation.

Figure 1 shows one of the composition analysis results.
There are two particles with different sizes in the image.
Comparing the particle @ and @, it is clear that the
peak of silicon (Si), sulfur (S), and potassium (K) are
different from each other. Figure 2 shows mapping images
of Si, S, and K. Si was mainly concentrated in the
particle D, on the other hand S and K existed mainly in the
particle @ . It is found that the difference of the
composition and the difference of distribution between ash
particles several 100 pm size can be detected using the
Micro-PIXE analysis.

Element analysis of an ash particle using the Micro-PIXE
analysis was conducted. In conclusion, it was found that
Micro-PIXE analysis was capable of analyzing and
discriminating the ash composition. In addition, a
difference of the sulfur content, which affects cement
solidification strongly, could be analyzed.

It is shown that the Micro-PIXE analysis is a useful tool
for cement research. We intend to develop a new type of
cement with
substances.

improved confinement of hazardous

Reference
1) Y. Kawato et al., JAEA-Tech., 2010-013 (2010).

800 X800 um

Fig. 2 Elements mapping image of Si,
S, and K in the same area as Fig. 1.
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Distribution of Zr Inside an Adsorbent for the Extraction

Chromatography Technology

S. Watanabe a), Y. Sano a), R. Abe b),T.Arai b), M. Koka ® and T. Satoh®

% Fast Reactor Fuel Cycle Technology Development Department, AFRC, JAEA,
® Shibaura Institute of Technology, c)Department of Advanced Radiation Technology, TARRI, QST

1. INTRODUCTION

Partitioning and transmutation of minor actinides
(MA(III): Am and Cm) in high level liquid waste (HLLW)
generated from reprocessing of spent nuclear fuel is one of
the most important strategy for reduction in volume and
radiotoxicity of the final vitrified waste. Japan Atomic
Energy Agency has proposed the extraction chromatography
technology as the most promising method for the MA(III)
recovery since it generates less secondary waste and requires
compact equipment than solvent extraction technology.

One of the promising flow-sheet employs CMPO
adsorbent for MA(III) and lanthanide (Ln(III)) co-recovery
from the HLLW ", and Mo and Zr are desirable to be
decontaminated in advance with the operation due to their
strong affinities to the CMPO.

In this study, feasibility of HDEHP adsorbent for
selective Mo and Zr decontamination was evaluated through
adsorption/elution performance and distribution of Mo and
Zr inside the adsorbent.

2. EXPERIMENTAL
2.1 Adsorption/elution experiments

Batch-wise adsorption/elution experiments and column
separation experiments with HDEHP adsorbent were carried
out on simulated HLLW.
peroxide were utilized as eluents for Mo and Zr,

Oxalic acid and hydrogen

respectively.
2.2 Micro-PIXE analysis

Treated adsorbents in the above batch-wise experiments
were analyzed by micro-PIXE analysis to evaluate

distribution of non-eluted elements inside the particle.

3. RESULTS AND DISCUSSION
3.1 Adsorption/elution experiments

Mo and Zr were selectively adsorbed by the HDEHP
adsorbent from 4 M HNOj; solution while trivalent Ln(III),
divalent Sr(I) or monovalent Cs(I) were stayed in the
MA might also be remained in the HLLW since
chemical behavior of MA(III) is quite similar to those of
Ln(II). Therefore, the HDEHP adsorbent is promising for
decontamination of Mo and Zr in advance with the MA(III)
recovery column operation.

solution.

Elution performance of Mo and Zr from the adsorbent is
important for repeated use of the adsorbent. Mo was
successfully stripped by the adsorbent though Zr stayed in

the particle even after contacting with the eluent.

3.2 Micro-PIXE analysis

X-ray spectra obtained for the adsorbents after the
adsorption or the elution operations are shown in Fig. 1.
Predominant peaks observed at 1.75, 2.00 and 2.30 keV
were attributed to Si Ka, Zr La and Mo La characteristic
Intensity of the Mo Lo peak
drastically decreased after the elution operation, while those

X-ray, respectively.

of Si Ko and Zr La were not affected by the operation.
This tendency reasonably agrees with the results obtained by
the elution experiments.

The residual Zr inside the particle, which must form
complex with HDEHP, was revealed to have crystal-like
structure by X-ray diffraction measurements. In order to
discharge the remaining Zr from the particle, further
analysis on the crystal and selection of an appropriate wash
solution are necessary. Three dimensional distribution of
Zr inside the adsorbent is currently tried to be evaluated, and
the information will contribute to determine operational
conditions of the elution.

T T T T T T T T T
— After absorption operation
—O— Eluted by (COOH),

10°

10° Lodo

Fig. 1
adsorbents.

X-ray spectra obtained by micro-PIXE analysis on

Reference
1) S. Watanabe et al., Proc. GLOBAL 2011 [Chiba] (2011),
AESJ, [Tokyo] (2011) (CD-ROM).
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Alpha-ray Degradation of Adsorbents for MA Recovery

S. Watanabe, Y. Sano, H. Kofuji and M. Takeuchi

Fast Reactor Fuel Cycle Technology Development Department, AFRC, JAEA

1. INTRODUCTION

The extraction chromatography technology is one of the
promising methods for the partitioning of minor actinide
(MA: Am and Cm) from spent nuclear fuel®, and Japan
Atomic Energy Agency (JAEA) has been conducting
research and development for the implementation. In
order to progress the implementation, not only the
performance of the column but also the safety of this system
has to be guaranteed.

The adsorbent for extraction chromatography is prepared
by impregnating an extractant into the support of porous
silica particle coated with styrene-divinylbenzene copolymer
Si0,-P).
complexes with the extractant during the operation, thus

(referred as Radioactive elements form

degradations of materials in the adsorbent by irradiation are
unavoidable in the process.
irradiation effect on

Alpha-ray adsorption/elution

performances of the adsorbents has been investigated

so far?,

however the detailed information about the
degradation products has not been reported. In this study,
octyl(phenyl)-N,
N-diisobutylcarbonoylmethylphosphine oxide
(CMPO)/Si0,- adsorbent were identified after He*' ion

beam irradiation.

alpha-ray  degradation products of

2. EXPERIMENTAL

CMPO/Si0,-P adsorbent was prepared according to an
article®.
the slurry was put in a stainless steel container with 50 mm
diameter and 0.5 mm thickness.
with a Kapton film. The surface of the sample was
uniformly irradiated with He®* jons passing through the
Kapton film. He®" jons 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.
calculated from size and weight of the sample, fluence of the
beam, incident energy of He?" ions and the beam current.

The irradiated adsorbents
1,2-dichloroethane, then the degradation products remaining
on the adsorbent were transferred to the organic phase.
The chemical species extracted in the 1,2-dichloroethane
were analyzed by GC/MS, NMR and FT-IR measurements.
The ingredients in the 1,2-dichloroethane were derivatized
by  N,O-Bis(trimethylsilyl)trifluoroacetamide =~ (BSTFA:
CF;C[OSi(CH3)3]=NSi(CH3)3), and then they were also
analyzed by GC/MS to identify the degradation products
which are hardly eluted from the column.

The adsorbent was mixed with water, and then

The container was sealed

Irradiation dose was

were washed with

3. RESULTS AND DISCUSSION

Structures of CMPO and the degradation products
Those
degradation products must be produced by dissociation
between N atom and C atom of the CMPO molecule.
Since bond energy of C-N bond is smaller than those of C-C,
C-O and C=0 bonds for simple molecules®, C-N bond of
CMPO molecule might be also weak and easy to be

identified in this study are shown in Table 1.

dissociated.

Two oxygen atoms of the CMPO are the functional
groups for the MA extraction, thus the degradation products
are also possible to extract MA. In order to evaluate
accumulation behavior of MA inside the packed bed, elution
property of MA form the product should be investigated.

This study was focused only on the products generated
by the alpha-ray irradiation, however those produced by
gamma-ray irradiation are also necessary to be investigated.

Table 1  Structures of CMPO and the degradation products.
Name Structure
o o CH;
CHy Il 1l cH,CH-cH,
CMPO PCH,CN
CH 2C|H-CH 3
CH;
S I
Degradation ° ;:LIJCHZCN H/CHZCH_CH3
product No.1 ©/
O 0]
CsHyz |1 1|
Degradation “SPCH »,COCH;,
product No. 2
References
1) E. P. Horwitz et al., Anal. Chim. Acta, 310, 63-78
(1995).

2) S. Watanabe et al., Proc. OECD/NEA 12th IEMPT,
[Prague, Czech], 1-12 (2012).

3) Y.Z. Weietal., Nucl. Tech., 132, 413-23 (2000).

4) B. deB. Darwent, Nat. Stand. Ref. Data Ser., Nat. Bur.
Stand. (U.S.), 31, 18 pp (1970).
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Gamma-ray Degradation of HDEHP Adsorbent for

MA Recovery

S. Watanabe, Y. Sano, H. Kofuji and M. Takeuchi

Fast Reactor Fuel Cycle Technology Development Department, AFRC, JAEA

1. INTRODUCTION

Minor actinides (MA(III): Am and Cm) involved in spent
nuclear fuel are desirable to be separated from other fission
products due to their strong radiotoxicity. The separated
MA(II) are currently studied to be transmuted in the fast
reactors or in the ADS. Separation of MA(III) from other
fission products is one of the most challenging tasks since
chemical behavior of MA(III) are quite similar to those of
lanthanides (Ln(III)). Our group propose the extraction
chromatography technology as the promising methods for
the partitioning of MA(III), and we have been performing
research and development for the implementation of the
technology.

The technology utilizes a porous silica based adsorbent
which is coated by styrene-divinylbenzene copolymer and
an extractant is impregnated into the polymer. The
adsorbent with bis-(2-ethylhexyl) hydrogen phosphate
(HDEHP) extractant is one of the candidate for the MA(III)
separation form Ln(III). The adsorbent is exposed to
irradiation environment, and degradation of the adsorbent is
suspect to influence on both performance of the adsorbent
and safety of the system. Gamma-ray irradiation effect on
adsorption/elution performances of the adsorbents has been
investigated so far”, however the detailed information about
the degradation products has not been reported. In this
study, degradation products of the HDEHP adsorbent
generated by gamma-ray irradiation were analyzed to
evaluate influence of the irradiation on the system.

2. EXPERIMENTAL

Gamma-ray irradiation experiments were carried out at
the irradiation room No. 1 of Co-60 Gamma-ray Irradiation
Facility. One g of the adsorbent and 10 mL of water were
put in glass vial with 100 mL volume and sealed, and then
they were irradiated with 3 kGy/h up to 2 MGy. The
irradiated adsorbents were separated from the solution and
washed with 1,2-dichloroethane. Organic species in the
nitric acid solution were extracted by liquid-liquid extraction
with  1,2-dichloroethane. Chemical species in the
1,2-dichloroethane were identified by GC-MS analysis.

The 1,2-dichloroethane
derivatized by N,O-Bis(trimethylsilyl) trifluoroacetamide
(BSTFA: CF;C[OSi(CH;);]=NSi(CH3)3), and then they
were also analyzed by GC-MS to identify the degradation
products which are hardly eluted from the column.

ingredients in the were

3. RESULTS AND DISCUSSION
Structure of HDEHP and representative degradation
products are shown in Table 2. HDEHP form dimers and 3

dimers contribute to extraction of MA(III) or Ln(IIl) as
following equation,

M +3(HA,) < (M(HAL);)+3H, (1)

where HA, H,A,, HA, are HDEHP molecule, dimerized
HDEHP molecule and deprotonated dimirized molecule,
respectively.

Both 2-ethylhexanol and phosphoric acid do not form
dimers like HDEHP or form complexes with MA(III) or
Ln(I1I), thus they cannot extract MA(III) or Ln(Ill). Our
previous study reported that adsorption capacity of HDEHP
adsorbent for Ln(IIl) drastically decrease with increasing
gamma-ray irradiation dose and that elution ratio from the
HDEHP adsorbent was not influenced by the irradiation?.
Those results reasonably explained by interaction of the
degradation products with Ln(III). Adsorbed MA(III) are
not accumulated inside the packed column but eluted by the
irradiation consequently. Flash points and ignition points
of those degradation products are one of the most important
information for the safety assessment. In addition to that,
chemical reactivity of those products with nitric acid
solution has to be investigated to evaluate the total safety of
the system.

Table 1  Structures of HDEHP and the degradation
products.
Name Structure
(|)|-| CH,CH,
0=P—CH,CHCH,CH,CH,CH;
HDEHP
CH,CHCH,CH,CH,CH,
CH,CH,
(l)H
2-Ethylhexanol CH,CHCH,CH,CH,CH,
CH,CH,
(IDH
Phosphoric 0] =I:|) —0OH
acid OH
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The Hydrogen Gas Generation by Electron-beam

Irradiation from ALPS Adsorbents Solidified by
Several Inorganic Materials

J. Sato a’b), S. Suzuki C), J. Kato a’b), T. Sakakibara a’b), Y. Meguro % and O. Nakazawa

9 Nuclear Backend Technology Center, NFCEL. JAEA., ® International Research Institute for
Nuclear Decommissioning, 2 Inspection Development Company Ltd.

Several kinds of adsorbents have been used in Advanced
Liquid Processing System (ALPS) at Fukushima Daiichi
Nuclear Power Station. Those adsorbents contain large
amount of radionuclides including beta emitters generating
the hydrogen gas. Two adsorbents, crystalline
silicotitanate (CST) and Sb-adsorbent (SbA) made of cerium
oxide, were studied for solidification using several inorganic
materials such as Ordinary Portland Cement (OPC),
Portland Blast-Furnace Slag Cement Type-B (BB) and
Geopolymer (GP) as reported in Ref. 1. Hydrogen gas
would be generated by radiolysis of the water in the waste
form because of the some non-reacting water remaining in
the solidified samples of OPC, BB and GP. In this study,
the hydrogen gas generation from solidified samples was
measured by irradiation with an electron beam from the 1st
accelerator in substitution for the beta ray. Then we
considered the influence of the compounds in wastes and
kinds of radiation, an electron beam and a gamma ray, on
hydrogen gas generation.

CST and SbA which are actually adsorbents in ALPS
system were used for the solidification test.  Each
adsorbent was mixed and solidified with OPC, BB and GP
in the 40 wt% filling ratio, and several different
water-matrix ratios (Table 1) were examined. The OPC
and BB samples were added 2% high-range water-reducing
admixture to improve workability. In addition the
reference sample without adsorbents was made with OPC
(No. 7) or BB (No. 8). The fluid mixture was filled into a
container (p13 mm x50 mm) and put into a glass ampoule
(918 mm x 150 mm) after curing at room temperature for
28 days. Ampoules were irradiated with the vertical electron
beam under the condition (2.0 MeV, 0.2 mA, 60 sec). The
irradiation dose and its rate were determined by CTA films
which were put into the vial container. Hydrogen gas
concentration was determined by gas chromatography.

The amount of water in the samples was determined by
measuring weight change of the samples after heating at
110 °C for 24 h. A total dose was 13.7 + 0.3 kGy.

The amount of hydrogen gas (nmol/g water * kGy) was
shown in Table 2. The amount of hydrogen gas from CST
samples (No. 1, 2 and 3) was less than the one from SbA
samples (No. 4, 5 and 6). And the amount of hydrogen gas
from reference samples (No. 7 and 8) was in between CST
samples and SbA samples.

The hydrogen gas generation by an electron beam
showed the similar trend to that by irradiation of a gamma
ray. In conclusion, it was considered the hydrogen gas
generation is not dependent on the kinds of radiation.
However, the amount of hydrogen generated by electron
beam irradiation was extremely low compared with that of
gamma ray in all the samples. As the result, it was
predicted that the evaluation of the absorbed dose for
solidified samples by using a CTA film was failed. Thus,
the total adsorbed dose might be overestimated in this study.
It is necessary to consider the relationship between the
decay of an electron beam associated with the depth of
solidified samples and the total adsorbed dose. In the next
step, we plan to evaluate the total absorbed dose of
solidified samples and calculate the G-values of hydrogen
gas generation by electron beam irradiation.
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Reference
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Table 1 ~Conditions of solidified samples. Table 2 Hydrogen generation by irradiation.
Composition Amount of hydrogen gas (nmol/g water - kGy)
. Sample
Sample Material Waste Water/!\/latnx Electron beam Gamma ray
(40 wt%) ratio
No. 1 OPC-CST 14 1047
No.1 OPC-CST OPC 1.0
No.2 BB-CST 36 933
No.2 BB-CST BB CST 1.0
No.3 GP-CST GP 12 No.3 GP-CST 9 466
Nod opce T ome o6 No.4 OPC-SbA 62 2298
No.5 BB-SbA BB SbA 0.6 No.5  BB-SbA 73 3316
No. 6 GP-SbA GP 1.2 No. 6 GP-SbA 81 2935
No.7 Ref-OPC OPC - 0.7 No.7 Ref-OPC 46 1304
No.8 Ref-BB BB - 0.7 No. 8 Ref-BB 66 1956
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The Hydrogen Gas Generation by Gamma-ray

Irradiation from ALPS Adsorbents Solidified by
Several Inorganic Materials

J. Sato a’b), S. Suzuki C), J. Kato a’b), T. Sakakibara a’b), Y. Meguro % and O. Nakazawa ®®

9 Nuclear Backend Technology Center, NFCEL, JAEA, Y nternational Research Institute for
Nuclear Decommissioning, 2 Inspection Development Company Ltd.

Radioactive wastes, two kinds of slurries and several
kinds of adsorbents have been generated from Advanced
Liquid Processing System (ALPS) in Fukushima Daiichi
Nuclear Power Station. These wastes contain large amount
of radioactive nuclides. We studied to solidify two kinds
of unused ALPS adsorbents, crystalline silicotitanate (CST)
and Sb-adsorbent (SbA) made with cerium oxide, using
several inorganic solidification materials such as Ordinary
Portland Cement (OPC), Portland Blast-Furnace Slag
Cement Type-B (BB) and Geopolymer (GP). Because of
the non-reacting water remained in the solidified samples of
OPC, BB and GP, the hydrogen gas would be generated by
radiolysis from the water in the waste form. In this study,
we prepared solidified samples containing simulated
adsorbents and measured the amount of hydrogen gas
generated by gamma ray irradiation. Then we calculated
the G-value of hydrogen gas generation and considered the
influence of the compounds in wastes on G-value.

CST and SbA which are used in ALPS system actually
were used for the solidification test. Each adsorbent was
mixed with inorganic matrices in 40 wt% filling ratio and
solidified, with different water-matrix ratio (Table 1). The
OPC and BB samples were added 2% high-range
water-reducing admixture to improve workability. In
addition the reference sample without simulated adsorbents
was prepared by using OPC (No. 7). The fluid mixture
was filled into a container (913 mm x50 mm) and put into a
glass ampoule (918 mm X 150 mm) after curing at room
temperature for 28 days.

The sample was irradiated by *°Co y-rays at 10 Gy/h for
300 h in the y-ray irradiation facility. Hydrogen gas
concentration in the glass ampoule was determined by gas
chromatography. The G-value was calculated by the gas
concentration, the sample weight and total absorbed dose.
The amount of water in the samples was determined by

measuring weight change of the samples after heating at
110 °C for 24 h.

The G-values of hydrogen gas were summarized in
Table 2. The G-values of CST (No. 1, 2 and 3) were lower
than the one of reference (No. 7). On the other hand, the
G-value of SbA samples (No. 4, 5 and 6) was higher than
the one of reference sample. In previous study ", G-values
of solidified samples including titanium were low as well as
this study. As the result, titanium in solidified samples
might influence the G-values of hydrogen gas generation.

In conclusion, the hydrogen gas generation is influenced
by the kinds of wastes because the G-values did not depend on
the ratio of free water. For example, CST in water
suppresses the hydrogen gas generation by gamma-ray
irradiation ?, while cerium oxide in water enhances the
generation of hydrogen gas by irradiation®. It was surmised
that those wastes may influence the radiolysis of free water in
solidified samples by the same mechanism as above.

In the next step, it is necessary to investigate the influence
of the wastes in the solidified samples on the hydrogen gas
generation in more detail to realize the mechanism of
hydrogen gas generation from the actual waste form.
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Table I  Conditions of solidified samples. Table 2 Result of the irradiation test.

Composition

Sample Vaterial | Waste  Water/Matrix Sample G(/\;%I:ee(c)z ) Ratigo/gfs‘c:;?p‘l’;?ter
(40 wt%) ratio (n=3)

No.1 OPC-CST OPC 1.0 No. 1 0.15 +0.02 0.10

No.2 BB-CST BB CST 1.0 No. 2 0.13 +0.01 0.09

No.3 GP-CST GP 1.2 No. 3 0.09 +0.01 0.13

No.4  OPC-SbA OPC 0.6 No. 4 0.23 +0.02 0.07

No.5 BB-SbA BB SbA 0.6 No. 5 0.29 +£0.00 0.06

No.6  GP-SbA GP 1.2 No. 6 040 +0.03 0.09

No.7  Reference OPC - 0.7 No. 7 0.20 0.11
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1-61 Hydrogen Generation from Cement Solidified Sample
Loading Carbonate by Gamma Irradiation

Y. Itoh, F. Satoh and J. Kojima

Tokai Reprocessing Technology Development Center, NFCEL, JAEA

Cement solidification of low-level radioactive liquid
wastes (LLW) generated from Tokai reprocessing plant is
planned in Low-level radioactive Waste Treatment Facility
(LWTF). Here, the LLW are “carbonate effluent” with a
comparatively low radioactivity and “slurry effluent” with
relatively high radioactivity, which will be generated from
radionuclide separation process and nitric acid ion
decomposition process .

It is known that G(H,) value of cement solidified
products containing radionuclides are varied by cement and
effluent composition. Thus, we are studying hydrogen
production from the cement solidified sample containing the
carbonate effluent and the slurry effluent.

The carbonate effluent will be solidified with cement,
which consists of Ordinary Portland Cement (OPC) and
Blast Furnace Slag (BFS). In this study, we acquired
G(H;,) values of hydrogen gas due to mixture ratio of BFS
and OPC in the cement. And also we investigated
influence of carbonate loading ratio in the solidified sample
on G(H,) value.

Irradiation samples were prepared by mixing simulated
liquid waste (carbonate effluent including sodium nitrate)
and cement shown in Table 1, then filled into a container
(913 mm x50 mmH) at 20 °C for 28 days. After curing,
each sample was put into a vial container (50 mL) and was
sealed with rubber septum. The samples were irradiated
by Co-60 gamma-rays at about 2.5 kGy/h for 20 hours.
After the gamma irradiation, the concentration of hydrogen
gas generated in the vial was measured by gas
chromatography.

Figure 1 shows G(H,) values of hydrogen gas by the
mixture ratio of BFS and OPC. Here, irradiated samples
were solidified without loading carbonate, and the
water-cement ratio was 0.40 or 0.45. The G(H,) value
increased with content of the OPC. As shown in Table 1,
CaO content in the cement was increased with OPC content,
so it was suggested that the G(H,) value in the Type-A
cement was high by the influence of the CaO content.

Figure 2 shows relationship between carbonate loading
ratio in the solidified sample and G(H,) value. The G(H,)
value of the carbonate loading sample was about 0.05
(/100 eV) and it was 1/3-1/4 of the G(H,) value without
carbonate. And also it was slightly decreased with
increasing carbonate loading ratio. It was considered that the
G(H;,) value of the carbonate loading sample was decreased
by the influence of the sodium nitrate in the carbonate
effluent, because the nitric acid ion in solution reduce
hydrogen production by gamma irradiation®.

These G(H,) values obtained by this study will

contribute to the evaluation of hydrogen production by
storing the solidified products.
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Table 1 Oxide composition of cement [wt%].

Cement BFS/OPC  CaO Si0, ALO; Fe,O; MgO  Other

BFS 100/0 444 329 139 036 491 3.53
Type-B 90/10 46.2 317 132 0.62 4.69 3.59
Type-A 70/30 499 295 11.6 1.16 4.00 3.84
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Fig. 1 G(H2) value of hydrogen gas due to mixture ratio of
BFS and OPC in cement.
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Fig. 2 Relationship between carbonate loading ratio in the
solidified sample and G(H2) value.
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Effect of Seawater on Corrosion of SUS316L in HAW

under y-ray Irradiation

H. Ambai a), Y. Nishizuka b), Y. Sano a), N. Uchida® and S. Iijimab)

2 Department of Fukushima Technology Development, NFCEL, JAEA,
® Tokai Reprocessing Technology Development Center, NFCEL, JAEA

The spent fuel stored in the storage pools at the
Fukushima Daiichi Nuclear Power Plant of Tokyo Electric
Power Company Holdings, Inc. (TEPCO) is exposed with
the environment containing seawater components, owing to
Therefore,
during reprocessing, it is expected that the spent fuel will be

the injection of seawater into the storage pools.

contaminated with seawater components, and the influence
of seawater on reprocessing needs to be investigated.

It was reported that seawater components are not
extracted during the separation process of U and Pu".
Thus, seawater components move to the devices treating high
active liquid waste (HAW). Therefore, we investigated the
corrosion behaviour of the HAW storage tanks.

Immersion tests were performed with SUS316L used in
the fabrication of tanks. Total immersion time was
960 hours. The corrosion rates were calculated from the
weight losses of coupons. The surfaces of coupons were
observed with laser microscope every 240 hours. The
surrogate HAW used in this study was composed with
nitrate metal ions in Table 1 and nitric acid media. Acid
concentration was adjusted to 2 mol/L. The corrosive
effects at various artificial seawater (ASW) concentrations
were evaluated to understand the effect of seawater
components in HAW. The temperature of the solution was
maintained at 60 °C, based on the control standard for a
HAW tank. The y-ray irradiation was carried out using
“Co source in the Gamma-ray irradiation facility. Dose
rate of y-ray was settled at 2.8 kGy/h which was measured
by alanine dosimeters.

The results of immersion tests are showed in Fig. 1 and
Fig. 2. Intergranular corrosion proceeded in all conditions
because they contained the oxidizing metal ions (Table 1).
Their corrosion rates were inhibited with y-ray irradiation as
the previous studies reported”. If y-ray was irradiated to
HAW, it is supposed that the corrosion reaction was
suppressed because HNO, and NOx as radiolysis products
of HNO; reduced the oxidizing metal ions. The corrosion

Table 1 Chemical composition of surrogate HAW.
Element Concentration[mol/L] Note

Fe 0.090 Corrosion product
Cr 0.025 Corrosion product
Ru 0.12

Ce 0.10

Nd 0.50

A% 0.010 Substitute for Np

rates decreased with seawater components if y-ray was not
irradiated. It indicated that some interactions between
seawater components and metallic ions contained HAW
could occur. On the other hand, no significant effect of
seawater components was emerged under y-ray irradiation.
It is expected that the interactions between seawater
components and metallic ions were suppressed relatively
due to the decrease of oxidizing ions by y-ray irradiation.
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withoutgamma-ray

Fig. 1 Corrosion morphology of SUS316L coupons in
HAW containing seawater components. Immersion
time is 960 hours.
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Fig. 2 Corrosion rates of SUS316L coupons in HAW
containing seawater components. Immersion time is
960 hours.
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Radiolytic Hydrogen Absorption Behavior of Explosive

Bonded Zr/Ta/R-SUS304 Joint in Nitric Acid Solution
under Gamma-ray Irradiation

Y. Ishijima, F. Ueno and H. Abe

Fuels and Materials Engineering Division, NSEC, JAEA

In Japan, a commercial reprocessing plant is being test
operated in Rokkasho reprocessing plant. Purex process
which uses nitric acid (HNO3) 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) , tantalum (Ta) and reprocessing plant grade SUS304

(R-SUS304).

However, it is well known that Zr and Ta has
susceptibility of hydrogen embrittleent by hydride
formation". In used nuclear fuel solution, hydrogen atoms

are always generated by radiolysis under irradiation. And
it is considered that radiolytic hydrogen can diffuse into the
metal and generate hydride. Therefore, there is a concern
about the degradation of nuclear fuel reprocessing plant by
hydrogen embrittlement in long term operation.

this  study, radiolytic hydrogen
absorption test by nitric acid
gamma-ray irradiation.

Explosive bonded Zr/Ta/R-SUS304 plate was used for
test material. Table 1 shows the chemical composition of
Zr, Ta and R-SUS304. Plate type specimens (10 x 10 x
1 mm) were used for radiolytic hydrogen absorption tests.

In we conducted

immresion test under

Specimens were polished up to #1000 by SiC paper.
Radiolytic hydrogen absoption tests were carried out in
1 mol/L HNO; and pure water. Dose rates from “Co
source were chosen 7 kGy/h. Irradiation time was 1,000 h.
After irradiation, thermal desorption spectrometry (TDS)
was carried out to evaluate the hydrogen absorption value
with quadrupole mass spectrometer (QMS). Temperature
range of TDS was from room temperature to 1,073 K.
Heating rate of TDS was 10 K/min. Evaluated TDS
spectrum was compared with the TDS spectrum from
electrochemically hydrogen cgarged explosive bonded joint.
Figure 1 shows that example of the TDS spectrum and total
discgarging hydrogen after gamma ray irradiation and
electrochemically hydrogen charging. The TDS result

shows that the peak temperatures that irradiated specimen
shows same temperature. On the other hand, the peak
temperature amoung irradiatied specimen and hydrogen
charged specimen are not same. These results shows that
the hydrogen trapping behavior change by hydrogen
absorption method. But, the trapping behavior did not
change by immersion environment such as pH.
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Fig. 1 Temperature dependence on hydrogen discharging
rate and total discgarging hydrogen after gamm ray
irradiation and electrochemically charging.

From irradiation results, absrobed hydrogen decreased
with HNO; concentration. It is considered that the reason
can explain by g-value of hydrogen because of the g-value
decreases with HNOj; concentration.

It is not clear the reason that the hydrogen trapping
behavior change by hydrogen absorption method.
However, the reason is considered that break down of the
passivation film during electrochemically charging.

Reference
1) C.E. Coleman and D. Hardie, J. Nucl. Mater., 19(1), 1-8
(1966).

Table 1 Chemical composition of the test materials (%).
Material Si Mn P S Ni Cr Fe C
R-SUS304 <1.00 <2.00 <0.045 <0.030 9.00~13.00 18.00~20.00 bal. <0.020
Ta <0.02 <002 <0.02 <0.03
Zr <0.2 <0.05
Material N H Nb Ti W Ta Hf Zr
R-SUS304
Ta <0.01 <0.0015 <0.10 <0.01 <0.03 bal. - -
Zr <0.025 <0.005 - <4.5 bal.
- 9] -
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Effects of Gamma-ray Irradiation on the Inhibitive Effects

of the Sodium Pentaborate against the Corrosion of
Carbon Steel in the Diluted Seawater

T. Satoh, C. Kato, F. Ueno and M. Osaka

Fuels and Materials Engineering Division, 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.
continuing in the primary containment vessel (PCV) because

The high dose of radiation has been
of the molten fuel debris and the fission products. It is well
known that H,, H,0,, short life radicals, etc., are produced

by water radiolysis .

The produced species are chemically
active and it is considered that corrosion of the PCV is
influenced by gamma-rays irradiation. The typical
countermeasure against the corrosion of carbon steel (CS) is
the injection of the corrosion inhibitors. To evaluate the
availability of the corrosion inhibitors under irradiation
condition, the corrosion test of the carbon steel exposed to
the diluted seawater containing corrosion inhibitors under
gamma irradiation condition was performed.

Sheet type specimens of 40 mm x 10 mm X2 mm were
machined from SGV480 (JIS G3118) for the PCV, and
immersed in diluted artificial seawater at 323 K (50 °C).
Figure 1 shows corrosion tests under gamma-rays irradiation
at Co-60 irradiation facility in Takasaki advanced radiation
research institute. Some flasks were arranged close to the
®Co sources and others were put at distances of 1.6 m from
the ®Co sources. The dose rates were estimated as
4 kGy/h and 200 Gy/h, respectively.

pentaborate was injected into the diluted seawater as

The sodium
corrosion inhibitor.  Four thousand ppm as boron of
sodium pentaborate was injected. The inhibitor was added
to the diluted sea water after 100 h of exposure without
inhibitor to investigate the effects of the inhibitor on the
mitigation of corrosion when the oxide film have already
formed at the surface of CS under irradiation condition.

0.2kGy/h

g I'la L™
Fig. 1 Corrosion test cells at Co-60 irradiation facility in
Takasaki advanced radiation research institute.

The obtained corrosion rates of the test specimens
exposed to diluted sea water under irradiation condition are
shown in Fig. 2 with those under no inhibitor conditions.

The corrosion rates were successfully mitigated by the
injection of 4,000 ppm as boron of the sodium pentaborate
It was indicated that the
sodium pentaborate was effective if the surface of CS had

on 100 h of exposure time.

already been covered by the oxide under gamma-ray
irradiation. It was confirmed that the injection of the high
concentration of sodium pentaborated was effective to
mitigate the corrosion of the PCV under the irradiation

condition in 1F.

25
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Fig. 2 Corrosion rates of carbon steel under gamma-rays
irradiation in the diluted sea water containing sodium
pentaborate.
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Electrochemical Properties of Stainless Steel in

Zeolites Containing Diluted Artificial Seawater
under Gamma-rays Irradiation

C. Kato, T. Satoh, J. Nakano and F. Ueno

Fuels and Materials Engineering Division, NSEC, 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
Because seawater was used to cool the
reactor core, type 316L stainless steel (316L SS), structural

important issues.

material of the spent zeolite adsorption vessel is exposed to
and adsorbed isotopes.
However, combined effect of chloride and irradiation on

residual chloride radioactive

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

In this study we performed electrochemical tests of 316L SS
in the zeolites (Herschelite, IE96 and IE911) containing
artificial ~ seawater under gamma-rays irradiation.
Herschelite used in the first Cs adsorption system
(KURION) was used as adsorbent zeolite. I1E96 and IE911
used in the second Cs adsorption system (SARRY).

Figure 1 shows the influence of absorbed dose rate and
contact with zeolite on the spontaneous potential (Egp). Egp
is well known as the index in possibility of localized
corrosion and the elevation of Egp causes a localized
corrosion. Egp in bulk water and in the system contacted
with zeolites was almost the same in a condition under
condition under
irradiation, Egp elevated with increasing the absorbed dose
rate.

depending on the type of zeolite and ESP under irradiation

non-irradiation. In a gamma-ray

Egp under the same irradiation condition was different

decreased in order of bulk water>Herschelite>1E96>1E911.

Contact with zeolite can suppress the potential elevation
under irradiation and consequentially decline the possibility
of localized corrosion occurrence in for long-term storage .

In general, the chemical products caused in the water
radiolysis can be classified into the long-lived radiolysis
chemical species (H,0,, O,, and H,, etc.) and the short-lived
radical species (OH', etc.). The calculated radiolysis
analysis in water shows the possibility that the long-lived
radiolysis chemical species exist for a while, several hours
or more, while the short-lived radical species disappears at
once, a few seconds or less, after irradiation interruption.
Therefore, the response of the rest potential (Eggsr) that is
open circuit potential on the stainless steel under irradiation
interruption can indicate the influence of the short-lived
radical species. Figure 2 shows the response of Ergsr under
irradiation interruption. Egggr in the bulk no changed under
irradiation interruption in this condition. This result shows
the potential of stainless steel is dominate not by the
short-lived radical species but by the long-lived radiolysis
chemical species. On the other hand, the potential in the
system contacted with zeolites, IE96 and IE911, declined
irradiation This result indicates

under interruption.

concentration of the long-lived radiolysis oxidant species,
such as H,0, and O,, caused the potential elevation decrease
in the system contacted with zeolite. It is well known that
zeolite mineral acts as a catalyst to decompose H,O,.
Zeolite consequently reduces concentration of H,O, in water
under the irradiation.

It was found that a risk of local corrosion on stainless
steel increased under gamma-rays irradiation because of
On the

one hand, the increasing Ey, was suppressed by coexistence

increasing Eg, of stainless steel under irradiation.

with zeolite.

Reference
1) C. Kato et al, 17th Int. Conf. Environ. Degrad. Mater.
Nucl. Power Syst., [Ottawa, Ontario, Canada] (Aug, 2015).
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Fig. 1  The relationship between dose rate and the

spontaneous potential, Egp, of type 316L in the bulk
water and the system contacted with the zeolites in the
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0.8 ; :

T

= bulk water
contacted with IE96

- contacted with IE911

0.6 Irradiation interruption 7
-—

T

IE96
IE911

Engst/V (vs. SHE)
o
~
—

333 K diluted artifical sea water (CI:2000 ppm)
0 gamma-ray irradiation (400 Gy/h) -
1 1 1

60 65 70 75
t/ks
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Studies on Radiolysis Behavior of Carbonate Slurry

under Co-60 Gamma-ray Irradiation

R. Nagaishi® ® T. Motooka a), I. Yamagishi a), M. Inoue® and T. Matsumura®

b)

% Waste Management Division, CLADS, JAEA, " NERCC, JAEA

Overflow of water from waste storage tanks of High
Integrity Containers (HIC) in the Multi-nuclide removal
equipment (“ALPS”) was discovered at Fukushima Daiichi
Nuclear Power Station (NPS) in April of last year. The
mechanism of overflow was not understood very much at
that time, while it was considered to originate from “water
radiolysis” by beta-rays from Sr-90 and Y-90 present in high
viscous carbonate slurry as radioactive wastes after
decontamination at a basic condition in ALPS.

To elucidate that for chemical safety in the waste storage,
irradiation experiments of simulated carbonate slurry by
Co-60 gamma-ray have been conducted in CLADS, JAEA
in cooperation with TEPCO, TOSHIBA and KURITA: (1)
property analysis of the slurry before and after the
irradiation, (2) observations of volume change of the slurry
during the irradiation, and (3) analysis of gas products from
radiolysis of aqueous solutions contained in the slurry.
It can be noted that according to Compton scattering of
photons, average energy of electrons recoiled from Co-60
gamma-ray is about 55% of the incident gamma-ray energy
equal to 0.688 MeV, which is between average energies of
beta-rays from Sr-90 (0.196) and Y-90 (0.934).

In the present work, radiolysis behavior of simulated
carbonate slurry (3) is studied, together with (2) reported by
Motooka. The slurry and its treated water at pH=12 was
obtained from KURITA. Concentrations of chloride ion
(CT") and suspended solids (SS: CaCO; and Mg(OH),) in the
slurry were 6,000 ppm and 95 g/L, respectively. Density and
viscosity of the slurry at room temperature were 1.06 g/mL
and 157 mPaes, respectively. The slurry was further diluted
by the treated water to prepare irradiation samples. For
comparison, seawater and pure water were also used.

The sample was filled in a glass vial at a constant volume,
sealed with a cap, set in an irradiation room, and irradiated
by Co-60 gamma-rays at room temperature and dose rate of
4-6 kGy/h". Dosimetry was made with aqueous K,Cr,0,
solution and CTA film dosimeters. Absorbed dose of the
sample, which can be separated to those of aqueous solution
and suspended solids, was sequentially estimated from those
of the dosimeters, assuming that mass energy-absorption
coefficient? is proportional to absorbed dose.

After the irradiation, gas was sampled at a constant volume
from the headspace of vial, and concentration of hydrogen
molecule (H,) and carbon dioxide (CO,) in the gas was
measured by GC with TCD detector. Concentrations of
hydrogen peroxide (H,O,) and dissolved oxygen (O,) in the
sample solution were also measured by iodine coulometric
titration method and by spectrometric analysis (contactless O,
sensor with optical fiber and dye), respectively.

Gas products of water radiolysis in the slurry could be
considered to be H,, O, and CO,: H, is formed as one of the
primary products, O, by thermal decomposition of the
primary product of H,O, and CO, from dimerization of
secondary products of carbonate radical (+«CO5)¥. In the
experiments, H, and O, (<10% of the H, amount) were
observed but not CO,. No observation of CO, indicates its
dissolution to aqueous solution (CO,+H,0=H,CO3) in the
slurry.
CO, gases contacting with aqueous solutions in sealed vials.
Thus H, was found to be the main gas products in the slurry.

Figure 1 shows dependence of the observed yield of H,
on the concentration of suspended solid in the slurry. The
The
yields were obtained from the measurement of H, before
(Gyay) and after (Gyy) stirring the irradiated sample. The
Gl Was larger than the Gg,, and was almost constant
within the SS concentration range in the experiments. The
difference between the Gy and Gy, indicates retention of
H, in the slurry without stirred, further leading to the
These
results in the experiments have been applied to quantitative

It was confirmed by simple experiments of standard

viscosity of slurry is also indicated in the upper axis.

volume change of slurry by higher dose irradiation.

estimation in the volume change of slurry during the
irradiation (3), helpful for understanding of the mechanism
of overflow. Further experiment is in progress.

References

1) L Yamagishi, R. Nagaishi, ef al., J. Nucl. Sci. Tech., 51,
1044-53 (2014).

2) J. H. Hubbell and S. M. Seltzer, NISTIR, 5632 (1995).
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Fig. 1 Dependence of H, observed yield on suspended
solid concentration in the simulated carbonate slurry.
Sample height of 1 cm, air-saturated, room temperature,
and absorbed dose rate of 4-5 kGy/h.
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Gas Retention Behavior of Carbonate Slurry under

Gamma-ray Irradiation

T. Motooka, R. Nagaishi and I. Yamagishi

Waste Management Division, CLADS, JAEA

Multiple radio-nuclide removal system (MMRSTM:
familiar name ALPS) is installed for the purpose of further
reducing radioactive materials included in the accumulated
water in Fukushima Daiichi Nuclear Power Station.
Carbonate slurry containing Sr-90 is generated as a
secondary radioactive waste of ALPS and stored in the high
integrity containers (HIC).

In 2015 it was reported that radioactive water was
detected around the outer periphery of a HIC hatch during
regular inspection V.  Hydrogen gas was also detected
inside the HIC. Based on these findings, it was assumed
that radiolytic gas bloated in the slurry and raised the water
level in the same time, causing the water leak through the
upper section of the HIC.

To study the mechanism of slurry bloat inside the HIC,
we conducted Co-60 gamma-ray irradiation test using a
simulant of the carbonate slurry in the HIC. Water and
slurry levels were recorded by visual observation at
prescribed time intervals. The white simulated carbonate
slurry was provided by Kurita Water Industries Ltd. Its
solid suspension concentration was 95 g/L (design value of
ALPS:150 g/L). Test sample was a quartz tube with
20 mm diameter filled with the 10 mm height of slurry, and
it was irradiated at a dose rate of 8.5 kGy/h for 48 hours
(design value of ALPS: max. 2,000 kGy/10y). The total
dose was about 410 kGy. The dose rate was determined by
PMMA dosimeter.

Figure 1 shows photographs of test sample before and
during the irradiation up to 44 hours, and the non-irradiated
test sample after 120 days. We observed the maximum
water level rise of approximately 10 mm, many bubbles in
the slurry and supernatant liquid, while we observed little
formation of supernatant liquid at non-irradiation condition
until 120 days. During 44 hours irradiation, the interfacial
irregularity between the white carbonate slurry and
supernatant liquid was appeared. It should be resulted
from the bubble transportation from slurry to liquid.
Figure 2 shows gas retention behavior in the sample.
It was considered that bubbles might be accumulated and the
volume of bubbles increased, and then a part of the bubbles
moved to liquid phase.

These results indicated that the water level rise under
gamma-ray irradiation was followed by the volume
expansion caused by the gas generation by radiolysis, the
gas retention in the carbonate slurry, and the formation and
increase of supernatant liquid.

We could conclude that the volume expansion related in
the radioactivity of carbonate slurry contributed to the slurry
bloat inside the HIC.

Reference
1) www.meti.go.jp/english/earthquake/nuclear/20150430-

e.pdf.
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Photographs of carbonate slurry in a quartz tube before and during Co-60
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6h (51kGy)

=
oo

o0

Ooc
(=]

-

22h (187kGy)

=

o
o

28h (238kGy)
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Radiation-Induced Degradation of 2-Chrolophenol in

Zeolite/Water Mixture

Y. Kumagai, A. Sugawara, Y. Segawa and M. Watanabe

Nuclear Chemistry Division, NSEC, JAEA

Radiation-induced reactions at solid and water interfaces
have attracted interests from studies in nuclear engineering .
Recently we observed that irradiation of a zeolite/water
mixture induces decomposition of hydrogen peroxide
adsorbed on the zeolite at a remarkable yield”. The high
yield implies a possible application of radiation-induced
reactions at interfaces for decomposition of substances of
environmental concern in water. In order to explore the
application possibility, we examined degradation of organic
compounds by irradiation in conjunction with adsorption by
zeolites.

Two mordenite-type zeolites having different silicon (Si)
to aluminum (Al) ratios in the composition were used in this
study; Si/Al = 18 (MOR) and Si/Al = 240 (HMOR).
2-chlorophenol (2-CIPh) was used as a model organic
compound. The zeolite/water mixtures containing 2-CIPh
were irradiated by y-rays form a *°Co source. The solid
liquid ratio of the mixtures was 2/3 g cm °. After the
irradiation, production of chloride ion (Cl') was measured
by ion-chromatography as an indicator of degradation
degree. Concentration of 2-CIPh was measured by liquid
chromatography.
of CI'
irradiation are shown in Fig. 1. The concentrations of
dissolved 2-CIPh before irradiation were 4.4x 10~* mol dm >
in the NaMOR mixture and 4.3 x 10”° mol dm™, in the
HMOR mixture. The results in 4.4 x 10 mol dm

aqueous 2-CIPh solution are also shown for comparison.

The measurements concentration after the

Higher Cl' concentrations were measured both in the MOR
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Fig. 1 Concentration of Cl in the zeolite mixtures and

in aqueous solution after irradiation. The initial
concentrations of dissolved 2-CIPh were 4.3 x 10~> mol
dm™ for the HMOR mixture and 4.4x10™* mol dm™
for the MOR mixture and the solution without zeolite.

and HSM mixtures compared to the aqueous solution
without zeolites. The high concentrations indicate that
2-CIPh adsorbed on zeolites was decomposed to release Cl
to aqueous solution in the mixtures.

The adsorption of 2-CIPh was evaluated for unirradiated
mixtures. The adsorbed quantity of 2-CIPh on MOR was
84x 107" mol kg'. Meanwhile, the adsorbed 2-CIPh on
HSM reached 2.2 x 107" mol kg despite the lower
concentration in solution. The significant adsorption by
HSM is due to its hydrophobic property owing to the high
Si/Al ratio.

Radiation chemical yields of Cl" were calculated in order
The absorbed

energy by zeolites was taken into account in the calculation,

to compare the degradation efficiencies.

because the degradation of adsorbed 2-CIPh is expected to
The CI
yields are shown in Fig. 2. The yields in MOR mixture
For HMOR,
relatively high yields were obtained. The yields in the

be induced by the energy deposition on zeolites.
were comparable to those in aqueous solution.

HMOR mixtures were as high as those in aqueous solution
order of magnitude higher 2-CIPh
The degradation of adsorbed 2-CIPh is
expected to be promoted because of high adsorbed quantities
on HMOR. The results show that the degradation
efficiency of dilute 2-CIPh in water can be improved using
zeolites having high performances for adsorption.

containing an
concentrations.
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1) S. Le Caér, Water, 3, 235-53 (2011).
2) Y. Kumagai, Radiat. Phys. Chem., 97, 223-32 (2014).
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Fig. 2 Yields of CI- in the zeolite mixtures and in aqueous
solution as a function of dissolved 2-CIPh concentration.
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Microfabrication of Biocompatible Hydrogels by

Proton Beam Writing

N. Nagasawa”, A. Kimura

, A. Idesaki®, N. Yamada?,

M. Koka®, A. Shimada®, T. Satoh?, Y. Ishii® and M. Taguchi®

a)Department of Advanced Functional Materials Research, TARRI, QST,
® Department of Advanced Radiation Technology, TARRI, QST,
© Department of Radiation-Applied Biology Research, TARRI, QST

Recently, biocompatible materials are expected to be
applied widely in stem cell technology and biomedical
engineering fields. Hydrogel has been expected as a
biocompatible scaffold which supports to keep an organ
shape during cell multiplying in regenerative medicine .

Therefore, it is important to understand a surface
microstructure (minute shape, depth of flute) and a chemical
characteristic of the hydrogel affecting the cell culture.
On the other hand, proton beam writing (PBW) technique
has a capability to fabricate next-generation micro-devices

)

and micro-bio devices?. High energy ionizing radiation

has been used for a modification and functionalization of

polymers by cross-linking and scission”.

We investigated
the effect of proton beam irradiation on biocompatible
polymeric materials such as water-soluble polysaccharide
derivatives  (hydroxypropyl cellulose (HPC), methyl
cellulose (MC), hydroxypropylmethyl cellulose (HMPC),
(CMC) and

and water-soluble

carboxymethyl cellulose
chitosan (CM-chitosan))
polymers (poly(vinyl alcohol) (PVA) and poly(ethylene
oxide) (PEO)).

The polymeric materials were dissolved in pure water

carboxymethyl
synthetic

thoroughly by a planetary centrifugal mixer, and then
incubated at 4 °C for more than a day in order to prepare the
homogeneous paste. A 1 mm-thick paste sheet was formed
on a polyethylene terephthalate (PET) film (50 pm
thickness) by a pressing process. A 3 MeV proton beam
from the single-ended accelerator was focused to about 1 um
in diameter on the surface of the paste at TIARA facility.
The beam current was set at 10 pA. The HPC paste was
horizontally irradiated with the proton beam through the
PET film in the atmospheric condition as shown in Fig. 1.
After the exposure to the proton beam, the samples were
adequately rinsed with deionized water. The residual

Paste sample

S % 74

Fig. 1 Microfabrication of hydrogels by the proton beam
writing technique.

PET film

Proton beam
irradiation

product was obtained by the radiation-induced crosslinking
of HPC. Note that the pastes of the above-mentioned
materials became insoluble hydrogels by the crosslinking
under the conventional ionizing radiations such as y-rays and
electron beams*>. The crosslinking was also induced by
The HPC hydrogel on the

PET film was observed with a laser microscope (VK-X250,

the proton beam irradiation.

Keyence) and its thickness was evaluated at approximately
10 pm. The HPC hydrogel was microfabricated on the
PET film as shown in Fig. 2. The resolution of the
microfabrication of HPC hydrogel was 20 um. MC,
HPMC, CMC, CM-chitosan, PVA, and PEO were also
gelled and microfabricated by using the PBW technique.
Cell adhesion and proliferation on the microfabricated
hydrogels were also confirmed by observing the HeLa cell
with an optical microscope after incubation at 37 °C under a
5% CO, condition. These results indicate that the PBW
technique is a promising method for the microfabrication of
and medical

biocompatible materials for

biological

applications.

Fig. 2 Optical microscope image of the microfabricated
HPC hydrogel on the PET film by use of the proton
beam writing technique.
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Crosslinking Mechanisms of Polysaccharides in

Ionic Liquids by Ionizing Radiation

A. Kimura, N. Nagasawa, A. Shimada and M. Taguchi

Department of Advanced Functional Materials Research, TARRI, QST

Natural polysaccharides have been recognized to be the
most promising materials in recent years because of
outstanding properties such as high biocompatibility and
biodegradability, and procurability from animals and plants
on the Earth. So far functional materials have only been
produced by using radiation crosslinking technique either
from polysaccharide derivatives or using crosslinking
reagents. Some polysaccharides are, however, radiation
degradation type polymers and have poor solubility in water
and organic solvents as well as low chemical reactivity.
These limitations could be circumvented by use of specific
solvents such as room temperature ionic liquids (RTILs)".
In the previous study, we have produced the chemical gels
without any crosslinking reagent by y-ray irradiation from
neat cellulose in the carboxylate-based RTILs under humid
conditions for the first time?. The yield of the cellulose
chemical gel increased with a content in
1-ethyl-3-methylimidazolium(EMI)-acetate.
induced crosslinking of cellulose in RTILs is, however, not
made clear, and it is important to clarify its reaction
mechanism under humid condition.  The yield of
hydroxyl(OH) radical changing with water content in RTILs
investigated by use of the scavenging method.
Fluorescence and x-ray photoelectron spectroscopy (XPS)
analyses of the cellulose gel were carried out to investigate
chemical structures and components in detail. Moreover,
chitin gels were also produced in RTILs by ionizing radiation®.

Cellulose dissolved in EMI-acetate or 1,
3-Dibutylimidazolium (DBI)-acetate with water contents in
the range from 0 to 34 wt%. The DBI-acetate has been
reported as highly fluorescent RTILs .  Chitin was
dissolved in 1-butyl-3-methylimidazolium (BMI)-chloride.
The y-ray irradiations of the polysaccharide solutions were
carried out at doses in the range 5-100 kGy. XPS
carried out wusing scanning XPS
microprobe, and peaks of C(1s), N(Is), and O(ls) were
fitted with Gauss-Lorentz and Shirley method.

Radiation chemical yields of the OH radicals from water

water
The radiation

was

was

measurement was

in RTILs were estimated by the scavenging experiments
using phenol. The G-value of the OH radical formation
(sum of G-values of OH-adducts) increased from 0.002 to
The
OH radical reacts with cellulose in EMI-acetate under humid

0.043 in the range of water content from 2 to 34 wt%.

condition more than 18% of water content without being all
scavenged by EMI-acetate because of the decrease in the
concentration of EMI-acetate. Moreover, the production of
the cellulose gel is considered to be achieved by preparing a
paste-like solution composed of water and RTILs as a

reaction field for the radiation crosslinking.

Emission spectrum of DBIl-acetate with a maximum
wavelength at 395 nm was detected when excited at 323 nm.
The 20 wt% cellulose DBI-acetate solution with a water
content of 18 wt% was irradiated with y-rays at a dose of
10 kGy under humidity-controlled air conditions to produce
the cellulose gel with the yield of 20%.
excitation spectra of the crosslinked cellulose gel after the

Emission and

washing and drying were obtained as shown in Fig. 1.
Emission spectrum of the crosslinked cellulose gel with a
maximum wavelength at 415 nm was detected when excited
at 323 nm, while that of neat cellulose was not. These
results suggest that DBI-acetate is also incorporated in the
cellulose gel. The fluorescence spectrum of the cellulose
gel was red-shifted about 20 nm from that of original
DBI-acetate, indicating that chemical structure of butyl
substitutes in DBI-acetate changed.

T
----- Cellulose gel Mon. 415 nm
Cellulose gel Ex. 323nm

Intensity (a.u.)

300 400 500
Wavelength (nm)

Fig. 1
Dotted line : Excitation spectrum monitored at 415 nm,

Fluorescence spectra of the crosslinked cellulose gel.
Solid line: Emission spectrum excited at 323 nm.

Chemical structure change of cellulose in EMI-acetate by
y-ray irradiation investigated by FT-IR
measurement but the spectra before and after irradiation
were almost the same.

was also
This result indicates that most of
cellulose keeps original molecular structure even after the
irradiation.  The N(1s) peak on XPS spectrum was
observed for the cellulose gel but not for neat cellulose.
The alkylimidazolium groups of EMI-acetate would act as
the cross-linking agents of cellulose, without changing their
chemical structures. The chitin gel was also obtained in
BMlI-chloride by y-ray irradiations, and its gel fraction

increased with the dose and reached 80% at 80 kGy.
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Grafted Polymer-based Cationic Catalyst for

Biodiesel Fuel Production

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

Department of Advanced Functional Materials Research, TARRI, QST

Waste cooking oils to be raw materials of a biodiesel fuel
(BDF) contain two kinds of oil components such as
triglycerides (TGs) and free fatty acids (FFAs). In our
previous research, we developed a grafted polymer-based

2 In order

anionic catalyst for BDF production from TGs
to completely convert waste cooking oils into BDF, another
kind of catalyst which can produce BDF from FFAs is also
necessary. In esterification of FFAs, protons (H") function
as actual catalytic elements. The objectives of this study
are to synthesize a new grafted polymer-based cationic
catalyst for BDF production from FFAs and to evaluate its
catalytic performance through the esterification of FFAs and
alcohol.

The (H) was

synthesized by radiation-induced emulsion grafting in the

cationic catalyst having protons

following procedures. Polyethylene nonwoven (PENW)
fabric, of which the fiber diameter was 13 um, was used as a
Firstly, the PENW fabric was irradiated
with an electron beam (100 kGy) at the electron beam
facility in TARRI. Then, the irradiated PENW fabric was
reacted with a deaerated monomer emulsion, which was
composed of 3 wt% p-ethyl styrenesulfonate (EtSS),
0.3 wt% polysorbate 20 (Tween 20), 92.7 wt% deionized
water and 4 wt% n-butanol, in a glass ampoule for 4 h at
40 °C. After grafting, the EtSS-grafted fabric was treated
with 1 M NaOH solution containing 50 vol% ethanol and
50 vol% deionized water for 2 h at 80 °C, to saponify the
ester groups of the EtSS-graft chain. Furthermore, the
saponified EtSS-grafted fabric was treated with 0.5 M HNO;
aqueous solution for 24 h at 25 °C, to immobilize the
protons onto the EtSS-graft chain.
and protonation processes, the terminal portions of the

trunk polymer.

By these saponification

EtSS-graft chain were converted into the sulfonic acid
groups (SO;H), and the polymer matrix functions as a
The SO;H density of
cationic catalyst could be controlled by the grafting yield

scaffold to immobilize the protons.

300

Dose : 100 kGy

200

100

Grafting yield [%]

TN T N T N T T T A T T WY

0
0 5 10 15

n-Butanol conc. in EtSS emulsion [wt%)]

Fig. 1 Effect of n-butanol concentration in EtSS emulsion
on grafting yield.

and the saponification yield. The maximum SO;H density
3.2 mmol-SO;H/g-catalyst.
Especially, it was found that the grafting yield was improved
by the addition of small amounts of alcohol to the EtSS
emulsion, and the grafting yield with added 4 wt% n-butanol

of cationic catalyst was

was about 2 times higher than that without added alcohol
(grafting yield: EtSS emulsion with n-butanol: 270%, EtSS
emulsion without alcohol: 120%). However, when the
n-butanol was added excessively, micelles in EtSS emulsion
dissolved, and as a result, the grafting yield with added
15 wt% n-butanol was decreased than that without added
alcohol (Fig. 1).

The catalytic performance of the synthesized grafted
polymer-based cationic catalyst was evaluated by batchwise
esterification of oleic acid (purity: 80%), which was one of
FFAs, and ethanol.

adding grafted polymer-based cationic catalyst (weight:

The esterification was performed by

0.65 g, capacity: 3.2 mmol-SO;H/g-catalyst) in a homo-
genous reaction solution (oleic acid: 0.28 g, ethanol: 9.2 g,
decane (solubilizing solvent): 5.0 g) at desired temperature.
The molar ratio of oleic acid to ethanol was fixed at 1:200.
As shown in Fig. 2, before esterification, only oleic acid
peaks were observed in the retention time range of 3-5 min.
As the esterification continued, the oleic acid peaks were
reduced and, on the other hand, BDF peaks were gradually
This result
confirms that the grafted polymer having protons functions
The
BDF production speed depended on the esterification

appeared in the retention time range of 5-7 min.
as a cationic catalyst for BDF production from FFAs.

temperature, and the esterification times required to convert
90% of the initial FFAs into BDF were 27, 12, 8 and 4 h at
50, 60, 70 and 80 °C, respectively.
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(a) Before reaction
FFAs

AA_M_ML
BDF
—r
(b) After 4 h at 80 °C

0 2 4 6 8
Retention time [min]

Fig. 2 BDF production from FFAs using grafted
polymer-based cationic catalyst.
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A New Modification Method for Introducing of

Functional Unit and Its Practical Application

T. Hosoe a), S. Muraki a), M. Nakano a), H. Amada b), H. Hoshina® and N. Seko”

% Kurashiki Textile Manufacturing. Co., Ltd,
® Department of Advanced Functional Materials Research, TARRI, QST

The filtration media to remove metal ions dissolving in liquids has been developed by radiation graft polymerization
technology. Previously, to introduce a function group on polymeric materials an organic solvent, i.e., toxic, flammable,
hazardous materials, which was environmental unfriendly, was used. However, to change the solvent is not easy, because it

is subject to degenerate a reaction efficiency, dramatically.

In this study, we have been developed a new and environmental-

friendly method by using a water based solvent which was made by emulsifying with a surfactant in order to reduce the

organic waste.
unit for practical application.

BRBTH, TSR T ISEFEL TRY, Ay i
LE AL HRETDHAT, B L O FRBFIERK
RO—BRELT, BBERYF L UAMHEN SR DA AT
W R 7 N E ST A IS L, R4 U EM
(LR, HHEM 120)) O LW LGS B H i 2 BR S LT,
THEEM A AR IT 2 Bt oD TREE 72> TR, 1 B B 1T A~k
itk I BB FF S T CET#E50 kGy FRFL, €/~
— L TTI DN AF L — (GMA) 27 77 EAESE
5T, 2 BB IIBONTT TT7 NRAT D57 ME
D GMA KD TARF T EER 2 R T A ERERE
A RISESE D TR RS> TN,

1 Bef B OB RRIZBIL TIEHFRFER 467001 B 1=~ /L=
VI TTNEAIEEEDOAERI NIRENARIZ, FmEiEE
FzRWDHZEIZED, GMA LD A REERHIE B
SCBER DRI FEHL TETRY, BREICOE L RRAL
FMESLTETZ, 2 BePE B OGRUCBEL T, 1ERIT. B
RERL L2 D AN A A HIAFNIR L T=b DR RIGIEE LT
ERT 52N ENLI->TRY, FHEEAIORNE - AR~
DR B KMEELZE LT, BIEITOE LW SR
DOHESNLINBENTE T, 22T, HIRIEHIRAL S % 55 A
ML, 22 2tEom EEEE L, BRELICRPELWOLT ~
B 720 FmiEHERZFI A L7k R8T AL TT DRt
117z,

Y, LEASEERF TR EEZLN TS
EIEAKT LT, RUFE ERBRDHD, RUFE - LEOHE
IE LB RERL L T N-AFL-D-Z )L 13 (NMDG) 233
575, NMDG ZE A - 5T 05T 14-UAF %
AL L THOWA GRS N ERTH-oT=, —J7. 1,4-
UAHH UL PRTR IETED HAIV T DI AANEYE Ot
GLIpoTEY, BIAED 12 °C HEW=6 | Bk E D
FRIC LD ERBE AT/ E2EH Ol e A - (EHERBE DR 2~
DELE Vo7 T TEA(EFEAL) RO TR WS EEL U
R CTHDHZEND, NMDG A8 A « i AR g2 FLm
HEHEFIEL TOR—T A F a7 F L2214 (LV), @Y
NEZE )57 — R (Span20) . @F VUL EREET U
(SDS) ZFIH LIz KB THER T 52 L5 AT, O, @O
FETEMERIORA L5 28 2 7= FLmiE YR & B KRR
IZ NMDG % 10 wt% CIEfELUIZ MRl . GMA %
777 NEA LT AT 2 RGP ZIRIEL | 80°C CTHTE
R RS E2 28250, NMDG Z'EREHE L TEOA -

Based on the development, the filtration media is made and processed into a type of cartridge and capsule

I (BAF i5fb) LT igEM 2157, Bo v ititr otk
#% Table 1 IR,
b =RIL PRt U TR T 228 TED,

HR{b & (mol/kg) =1,000[(W, - W)/ My x W,)]

W LS AT O A A i, Wy LIS #2125
NI ORIRE R My, : NMDG 2> 1 (195.21),

Table 1 NMDG inversion ratio by difference of
formulation.
REESREHKBE(EEL)| RISEH |ER1LE (molkg)
K:1,4-F442=10:90 | 80°C,1h 2.28
JK : LV=60:40 80°C,5h 1.33
7K :Span20:SDS=90:5:5 | 80°C,5h 2.16

HAE, FL T IC L0 EM O TEAELERL, H6h
FHEMERE LA —RN Tl 20—y P %R
IFVUREBDOPIZE AL T -V T 4V H—D 2 FiSE
DA T ATy 7L, TR LTS (Fig. 1),

Fig. 1 The photograph of cartridge filter (left) and capsule
filter (right).
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Research for Antivirus Material with Electron

Beam-Induced Graft Polymerization

T. Hayata”, E. Takahashi®, Y. Jikihara?, T. Nakayama®, Y. Ueki ",
N. Kasai® and N. Seko®

YR&D Department, NBC Meshtec Incorporation,
b Department of Advanced Functional Materials Research, TARRI, QST

Although there is an increasing threat of infection by viruses, there is insufficient technology to prevent transmission of

infection when workers take off protective clothing after decontamination work of the virus.
acid groups, in order to develop antiviral materials that can be applied to cloth.

We focused on free sulfonic
In this study, we have applied the technique

of emulsion graft polymerization, to synthesize a particulate graft polymer with free sulfonic acid groups, and evaluated the

anti-viral effect.

BAVT N ORI E | VANV AL DGO %
BN EE S TETWBMN, UA L ARRYAEEE DR, B %
B RIS A RS I A EANIIE LA ERER S LTV,
FHEOIT. INE TR AR O 7= DFHLT AL AR
LENEISR LTZER 2 B0 A L X785 B SE 0 A L il
AR OB S Z D TE 7o, RIFFETIX, ZNDHREMm O
I fE % D D78 . B BHEEAITATFJE B s g (DL T
BT ORE TR TV VEROFIEE UL
A AR BIIE T 28T, ANV ARG
(L CEDHFT /2B A B LT,

KRG CTHEB LIZDILEHERALVKR B THD,
NBC TlIEEEICHERER 2L R R I DN i WLy A L A%
BB EERHLTWEY, ZoWEER 2 VR B A A
T DR B A Rk AT Rk S D IRHE RS (R B A TE D TR
BIZT2ZLT KEPCEE, SiWI—T el Dk A
7Bl ST ANV A AT B CEDZENHIFFTE D, AT
22T, B O ANV AR A T HM B E B R 452
EEHMIC, FI7RNEEICED T /YA XDk RO AL
BRI T Do T M B O E AR A,

FIVARDTZ 7 NEE RO E T, RIS CB
RSN ar TV ITNERIELIGALEY, 27Uy
NWABIYL—hER T I OVEREE T RUD 2% V- O/W Bl
~ i a Al iR E TS HIFERTIC T 2 MeV, 30 kGy @
BB 21T o7z, BHRIBE B O 7 HifR R
FRITLEINZ TAVR A AL, I5IC, EigENx
CHEBETR A VR FRICL . 2 D% BHTLB TR M %
PrEL., HEHERIA VRO BEEE T2 77 EARK
(H-SGP) DGR & 157, HONT=/ F7  NEAIRIT., &
AR - BEPREE (SEM) I X0 BLER L R~ Eh) E Bk
FLETHIELZ, 2, ZOMUANVAHIRIT, A7 =
YA VA A/HIN2 % IV TRERLTZ,

Figure 112, BRI T7 bz~ a EHEZIZALER
CEEHAE AL EAIRD SEM BEAZIRLZ, EAKIE
ok THY | Fo, BIREEELIE CROIVERL T RILTEY
T 100 nm ThHo7z, WRIT, WAV R BIA R 357
STNEAEOREIREAL TN A )V ADGREIR 5
READE. 60 % DREYA (Titer; BGEEZ ROV AL
ARL ) HRE LT, ZORER, BB HIZH 0.03 wt%
® H-SGP NFTET DL, UA/VAREYGAMIE 99.99% LA Lk
DI BZEDHERENT= (Fig. 2), £, ZOVANAEETe
SRR D pH I1E 7.3 THY . FMEFEIR T THEWHLIY A /LR

PEAATHILmD, ARPEE, RRHB IR O
R RAT VIR Bk A RREBA R D,
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Fig. 1 SEM image of H-SGP that was obtained by electron
beam-induced graft polymerization.
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Fig. 2 The relationship between H-SGP and virus titer.
Initial titer is 6.3 X 10® pfu/mL. The dotted line
indicates the detection limit of 100 pfu/mL.
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Surface Modification of PA66 by Radiation Grafting

T. Makabe ¥, H. Saito®, K. Masubuchi®, H. Sando®, N. Mizote ¥,
Y. Ueki® and N. Seko”

“ Mitsuba Corporation,
b)Depar‘[ment of Advanced Functional Materials Research, TARRI, QST

In this study, lipophilic alkyl methacrylate monomers were grafted on a surface of PA66 substrate by previous electron

beam irradiation.

The hydrophobicity, lipophilicity and frictional property of the surface-modified PA66 were measured in
order to research the effects of the alkyl chain length of the monomers on their characteristics.

From the measurement

results, it was found that the surface modified PA66 substrates had hydrophobicity and lipophilicity. Their characteristics
increased with increasing alkyl chain length. Furthermore, the coefficient of friction decreased compared to the initial

substrate.

AWFZE LB B ABHIEM O gD B2 L
T, BRI T 7 EAICIDBER I ~DH MEE
~—DJ 57 B L OE DT 21T -7,

IR FEAF L L C, PAG6 (F A1 66) > — ke iz,
PA66 > —h% PE RIC A, WNEZER A THRELIZ#,
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HIVNEET VXN EEFRFHA LT 7 VE N TH S
B, HIRHEIC T L a7 NEA R LT, ZOR
DE )~ —EHEIL, T /~—5 wt%., K 94.5 wt%., FLHEiE
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2o THHOFHBL 7290 7 Z W TR A AL DRz
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% V= ATR BRI TRIE L7, e dE D PA66 121X,
1,730 e IZH LR = )L DB — I RRERD BV, ZOFE R
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Fig. 1 FT-IR spectra of PA66 after the electron beam

irradiation grafting.
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Fig. 2 Contact angle after the electron beam irradiation
grafting.
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Fig. 3 Coefficient of friction after the electron beam
irradiation grafting.
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Vanadium Recovery from Seawater by Radiation-Grafted

Adsorbents Based on Polyethylene Terephthalate Fiber

S. Saiki”, N. Kasai®, N. Seko”, T. Oida"” and K. Yamagishi”

a)Department of Advanced Functional Materials Research, TARRI, QST,
»’ R&D Center, SEIREN Co., Ltd.

Recovery techniques of valuable elements from seawater

have been developed for a long time'™.

Among these
techniques, recovery method by radiation-grafted adsorbents
has been known as an effective method with a view point of
absorption capacity and adsorption rate. The radiation-
grafted adsorbents have ever been synthesized based on
polyethylene fiber or nonwoven fabric as a trunk polymer.
In the case of polyethylene fiber, only short fiber has been
commercially available and the long fiber has not been
offered commercially except for special polyethylene fiber
of high mechanical strength type due to low melting point.
For element recovery from seawater, contact efficiency of
adsorbents with seawater is one of important factors and
various structures of adsorbents should be developed for
improvement of the contact efficiency. Polyethylene
terephthalate (PET) is one of typical versatile polymers and
can form long fiber. If radiation-grafted adsorbents based
on PET fiber can be synthesized, various structures of
adsorbents can be produced for element recovery from
However, PET has not been used for trunk
materials of radiation-grafted adsorbents due to low degree
of grafting. In this study, we tried to synthesize
radiation-grafted adsorbents based on PET fiber by radiation
emulsion grafting method which has not ever been used for
PET, and applied them to vanadium recovery from real
seawater.

For synthesis of vanadium adsorbents, amine type and
amidoxime type adsorbents were prepared by radiation
emulsion grafting method. As for amine type,
radiation-grafting of glycidyl methacrylate (GMA) was
performed on PET fiber in a reaction solution of o/w
emulsion composed of GMA, polyoxyethylene sorbitan
monolaurate (Tween20) and water after 100 kGy irradiation,
and the degree of grafting reached to around 100%

seawater.

successfully. Amine groups were inserted to epoxy groups
of grafted chains with ethylenediamine. In the case of
amidoxime type, acrylonitrile (AN) was radiation-grafted on
PET fiber in a reaction solution of o/w emulsion composed
of AN, polyoxyethylene sorbitan monooleate (Tween80)
and water. The degree of grafting of AN showed around
10% and the nitrile groups were converted to amidoxime
groups by hydroxylamine.

Vanadium adsorption performance of these adsorbents
was evaluated by batch adsorption tests at a laboratory scale.
The each adsorbent of 0.04 g were immersed into 40 mL of
100 ppb vanadium aqueous solutions and 100 ppb vanadium
seawater solutions. ~After shaking the solutions at 150 rpm

overnight, residual vanadium concentration of the solution

was measured by Inductively Coupled Plasma Mass
Spectrometer (Agilent 7700, ICP-MS). All results of
adsorption rates were more than 90% in the aqueous
solutions and more than 20% in the seawater solutions.
This showed that the adsorbents could work even in a plenty
of coexistent ions like seawater.

These adsorbents were applied to vanadium recovery
tests from real seawater. Pieces of adsorbents were
immersed for 30 or 90 days in seawater tank that fresh
seawater constantly circulated. After taking out samples
from seawater, desorption of adsorbed vanadium from the
adsorbents was performed with 1 M hydrochloric aqueous
solution and 2 M oxalic aqueous solution and the vanadium
concentration was measured by ICP-MS. As a result, we
confirmed that all adsorbents could absorb vanadium. The
amounts of adsorbed vanadium were 4.5 mg-V/kg-ad in
30 days, 10.3 mg-V/kg-ad in 90 days by amine type
adsorbents, and 117 mg-V/kg-ad in 30 days, 184 mg-V/kg-ad
in 90 days by amidoxime type adsorbents. Amidoxime type
adsorbents were more effective for vanadium adsorption in
seawater than amine type adsorbents. Energy dispersive
x-ray spectroscopy (EDX) image of adsorbents immersed in
seawater showed vanadium adsorption along the fiber
(Fig. 1) and mean that vanadium were adsorbed uniformly

In conclusion, we successfully synthesized vanadium
adsorbents based on PET fiber by radiation emulsion
grafting method and elucidated that the synthesized
adsorbents were able to collect vanadium from real
seawater.
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Fig. 1 EDX image of vanadium adsorption on amidoxime
type adsorbents.
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Modification of Porous PTFE Filters with Highly

Hydrophilic Properties by Radiation Grafting Techniques

J. Chen, N. Kasai, H. Hoshina and N. Seko

Department of Advanced Functional Materials Research, TARRI, QST

To develop a high-performance filter with highly thermal
and chemical durability for application in a high temperature
and harsh chemical environment, we tried to modify the
porous polytetrafluoroethylene (PTFE) filters by radiation
grafting of hydrophilic vinyl monomers. Although the
unmodified PTFE filters have the excellently thermal and
chemical stability, the highly hydrophobic properties prevent
them used for the aqueous separation.

Modification of the PTFE filters with hydrophilic
properties, such as sodium-etching, laser and plasma treating,
have been proposed . However, the resultant filters
prepared by these methods are not enough in the term of
hydrophilic stability for the long-term application. In this
study, three hydrophilic vinyl monomers, styrene sulfonic
acid sodium (SSS), acrylic acid (AA), N-vinylpyrrolidone
(NVP), along with a crosslinker, ethylene glycol
dimethacrylate (1G), were used for the grafting on the
porous PTFE filters. The chemical structures of the
monomers and crosslinker were showed in Fig. 1.

The PTFE filters were vacuum sealed in a PE/PA plastic
bag for the electron beam irradiation at room temperature.
After irradiation, the filters were reserved in a refrigerator at
-80 °C before use. Under such a low temperature, the
radicals generated by the irradiation could be kept living for
more than several months. For grafting polymerization, the
irradiated filters were immersed in a nitrogen-gas bubbled
monomer solution at 60 °C for 24 h. The degree of
grafting (DG) was calculated as 100(W,-W,)/W, , where
W, and W, were the sample weights before and after
grafting, respectively. = The Water uptake (Wu) was
calculated as 100(W ,-W 4)/W 4, where W4 and W, were the
sample weights before and after water adsorption.

In addition, as shown in Table 1, the graft polymerization
was also carried out using the gamma ray and UV irradiation
by simultaneous radiation grafting methods. The styrene-
grafted PTFE filters were sulfonated in a chlorosulfonic
solution to introduce hydrophilic sulfonic acid groups on the
aromatic rings.

For the pre-irradiation grafting methods, the radicals for
polymerization were generated only on the PTFE filters.
Therefore, the high grafting efficiency and the high
monomer utilization can be expected. In Table 1, the
PTFE-g-poly(AA-co-SSS) prepared by electron-beam
radiation co-grafting of AA and SSS showed a low DG of
13.3% as well as a low Wu of 15.8%. Such a low DG
cannot give the filter adequate hydrophilic properties. On
the contrary, by addition of a small amount of 1G, the DG
increased to 38.6% under the same grafting conditions.
The latter modified filters showed a high Wu of 24.9%.

On the other hand, without co-monomer grafting, the
single monomer, AA, SSS or NVP, was found to be
difficult to graft to the PTFE filters by the pre-irradiation
grafting methods.

To graft these monomers individually onto the PTFE
filters, simultaneous irradiation of the PTFE filters and
monomer solutions was carried out using the gamma ray and
UV sources. It was found that the PTFE-g-polySSS filters
with a lower DG (17.0%) showed a higher Wu (174%).
The PTFE-g-poly(NVP) filters can reach a higher DG more
than 100% using the UV grafting. These results were very
useful for the designing and preparation of the hydrophilic
filters in the future works.

References

1) K. Tan et al., Macromolecules, 26, 2832-36 (1993).
2) J. Chen et al., Adv. Mater. Res., 881, 1157-60 (2014).
3) J.Chenetal.,J. Membr. Sci., 256, 155-61 (2004).

CH,=CH CH,=CH
COOH
SO;Na
Styrene sulfonic acid sodium (SSS) Acrylic acid (AA)
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1l
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N-vinylpyrrolidone (NVP) Ethylene glycol dimethacrylate (1G)

Fig. 1 Hydrophilic monomers and crosslinker.

Table 1 Modification of porous PTFE filters by radiation
grafting methods.

Samples DG (%) Wu(%) Note(modification methods)
PTFE-g- EB pre-irradiation, 40 kGy;
poly(AA- 133 158 AA/SSS co-monomer solution;
co-SSS) 60°C, 24 h.

PTFE AAJSSS co-monomer soluton
poly(AA- 38.6 24.9 o
3SS 1% 1G
co-SSS) 60°C, 24 h.
Simultaneous gamma irradiation;
PTFE-g- 17.0 174 styrene (100%);
polySSS 7.5 kGy (1.5kGy/hx 5h);
chlorosulfonic acid-sulfonated
PTFE-g Simultaneous UV irradiation
polyNVP 109 745 25% NVP in water/acetone
40°C for 6 h.
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Development of Live-Cell Imaging System for Long-Term

Analysis of Bystander Cell Populations Irradiated with
Heavy-Ion Microbeams

T. Funayama, Y. Yokota and Y. Kobayashi

Department of Radiation-Applied Biology Research, TARRI, QST

Because heavy-ion deposit dense energy along with its
projectile, and the spatial distribution of the ion hit accords
with Poisson distribution, the radiation dose on the target
cell population become uneven especially in a case of lower
but biologically effective fluence radiation. This uneven
distribution of deposited energy results to arise a mixture of
hit and non-hit cells within a cell sample. In the mixture of
hit and non-hit cell within the same sample, biological
effects, which are called “bystander effects”, are induced on
non-hit cells based on transduction of irradiated signal from
hit cell.
cells of the population, is a useful tool for analyze bystander
effect.

microbeam systems at the facility of Takasaki Ion

Microbeam, which can target and irradiate specific
Therefore, we had developed the heavy-ion

Accelerator for Advanced Radiation Application of the
National Institutes for Quantum and Radiological Science
and Technology, and utilized for analyzing heavy-ion
induced biological effects 2.

Using the system, we have been carried out a lot of
analyses of bystander effect for assessing the effect of

heavy-ion radiation on biological system>"'%.

However,
the responses of bystander effect are not uniformly induced
in the cells of the bystander cell population. To clarify the
whole picture of the bystander response, we need to analyze
individually all cells in the bystander population over the
long term after the microbeam irradiation. Thus, we
modified the Offline observation system, and developed a
live-cell imaging system to carry out a long-term automatic
observation of bystander cell populations irradiated with
heavy-ion microbeam.

An excitation light for fluorescent microscopy is harmful
for living cells. To avoid the exposure effect of the
excitation light during long-term observation, it is necessary
to minimize the time and the intensity of the light. However,
weaker excitation exposure result to weaker fluorescent light
from fluorescent-stained live cells. Thus, we introduced
CMOS (ORCA-Flash4.0,

Hamamatsu-Photonics) to the Offline observation system for

high-sensitivity camera
obtaining clear image from weak fluorescent light.

During a long-time microscopic observation, a drift of
microscopic focus on the sample is inevitable. To correct
drifted focus, an automatic focus-control unit (IX81-ZDC2,
Olympus) was installed in the PC-controllable inverted
microscope (IX81, Olympus) of the Offline observation
system. Furthermore, a stage-top cell incubator (Tokai-hit
Corp.) was introduced to keep irradiated cell samples with
suitable culture condition.

To construct a software for carrying our long-time

live-imaging, we first developed a software framework for
developing multiple software for multiple experimental
purpose from a source code set of the cell targeting software
of collimating microbeam system. This software framework
supports multiple image acquiring devices with common
application interface, which enables on demand switching of
multiple cameras during live-imaging observation.

To control automatic focus unit, a functions for
drifted-focus compensation was add to the software library
for controlling microscope and automatic stages. Finally, a
code to control long-term automatic imaging was developed,
and, all of them were integrated to establish a long-term
bystander imaging system (Fig. 1), which enables long-term
observations of all cells in the bystander population

individually over a long duration.

- -

Fig. 1  Screenshot of live-cell imaging software for
long-term analysis of bystander cell population.
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2-02

Interphase Death Was Related to Growth Inhibition after

Gamma-ray and Carbon-ion Irradiation in Human Neural
Stem Cells but not in Glioblastoma Cells

Y. Yokota a), Y. Wada® and T. Funayama 2

2 Department of Radiation-Applied Biology Research, TARRI, QST,
®) Gunma University Graduate School of Medicine

Neural stem cells (NSCs) have been found in the brain
and spinal cord areas of various species including adult
humans"?. They are self-renewing multipotent cells that
primarily differentiate into neurons, astrocytes and
oligodendrocytes in the process of neurogenesis. Because
it is known that NSCs are severely damaged and
neurogenesis is inhibited after X-ray and gamma-ray
irradiation, radiation protection of NSCs during cranial
irradiation of the patients with brain, neck and head tumors
Increasing numbers
of the patients have selected carbon-ion and proton

is needed to keep their quality of life.

radiotherapies because of their well-known better dose
distribution. ~ However, there is a limited piece of
knowledge on biological responses of NSCs after irradiation
of ion beams®. The final purpose of this study is to
elucidate the effects of ion-beam irradiation to NSCs and of
intercellular communications among non-irradiated and
irradiated NSCs and tumor cells. Here, we investigated the
effects of gamma-ray and carbon-ion irradiation on the
growth and interphase death of NSCs and glioblastoma
cells.

NSCs derived from human H9 embryonic stem cells and
A172 cells derived from human glioblastoma were
irradiated with gamma-rays (*°Co, LET=0.2 keV/um) at the
Cobalt 60 Irradiation Facilities and with carbon-ion beam
(**C*, 18.3 MeV/n, LET=108 keV/um) at the HY1 port of
TIARA. After irradiation, cells were incubated for 72 h
and, then, stained with cell-membrane permeable and
impermeable DNA-binding dyes to discriminate living and
dead cells. The numbers of living and dead cells were
measured using a flow cytometer. Growth rates were
obtained by dividing the number of total (living+dead) cells
after 72 h post-irradiation incubation by that of total cells
just before irradiation. Survival rates were obtained as the
percentage of living cells.

Growth rates decreased in dose-dependent manners after
carbon-ion and gamma-ray irradiation both in NSCs and
A172 cells, meaning induction of interphase death and/or
reproductive death (Fig. 1). The percentages of living cells
were measured to investigate the contribution of interphase
death to decrease in growth rates. Survival rates decreased
clearly in NSCs after irradiation but not in A172 cells
(Fig 2). Our results suggest that growth rates were
decreased by different mechanisms in NSCs and A172 cells,
and that interphase death and reproductive death are likely
main causes in NSCs and A172 cells, respectively. Next,
investigate apoptosis

we  will induction and bromo-

deoxyuridine incorporation to elucidate the mechanisms of
cell death in more detail in NSCs and A172 cells after
gamma-ray, proton and carbon-ion irradiation.
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Fig. 1 Dose responses of the growth rates for 72 h
post-irradiation incubation. NSCs (left) and A172 cells
(right) were irradiated with 0 to 8 Gy of gamma-rays
(open circle) or carbon ions (closed circle). Data are
presented as the mean=+SD of 6 or more measurements
derived from at least 2 independent beam times.
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Fig. 2 Dose responses of the survival rates after 72 h
post-irradiation incubation. NSCs (left) and A172
cells (right) were irradiated with 0 to 8 Gy of
gamma-rays (open circle) or carbon ions (closed circle).
Data are presented as the mean £ SD of 6 or more
measurements derived from at least 2 independent beam
times.
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Analysis of Gamma-ray Induced Bystander Effect between

Human Lung Normal and Cancer Cells

H. Ikeda®", Y. Yokota®, T. Funayama ™, A. Takahashi”, T. Kanai®,
T. Nakano™® and Y. Kobayashi ”

 Gunma University Heavy Ion Medical Center,
b)Department of Radiation-Applied Biology Research, TARRI, QST,
2 Department of Radiation Oncology, Gunma University Graduate School of Medicine

The radiation-induced “bystander effect” is the
phenomenon in which unirradiated cells (bystander cells)
exhibit effects as a result of signals received from nearby
irradiated cells. It was reported that bystander effect was
radiosensitive in normal cells”, and was radioresistance in
cancer cells”. These results suggested that bystander effect
may increase risk for radiotherapy patients. However,
bystander effects between normal and cancer cells are
unclear.

To clarify the y-ray-induced bystander effects, we used
normal human lung fibroblasts (WI38) purchased from
ATCC, and human non-small cell lung cancer cell lines,
H1299/wtp53 (wild-type TP53), H1299/mp53 (mutated
TP53) and H1299/neo (TP53-null) provided by Dr. H.

Matsumoto (University of Fukui, Fukui, Japan) .

a. Cell seeding to insert plate

\ ’ Normal cells: - 7 days
Cancer cells: - 1day p. Cell seeding to
companion plate

-8h
c. 59Co-y irradiation

| | i 0 day
d. Co-culture for 1 day _\=/_ Irradiated cells
Bystander cells

SLLIIIIIIIIIIILY.

e. Remove the insert
& culture

Normal cells: +14 days
Cancer cells: + 8 days

f. Fixation & staining

g. Colony count

Fig. 1 A schema of experimental schedule.

A schema of this experiment is shown in Fig. 1. Cells
were irradiated 0.5 or 5.0 Gy at the ®Co y-ray irradiation
facility in TARRL After non-contact co-culture
between y-ray irradiated cells and unirradiated cells for 24 h,
survival rates of medium-mediated bystander cells were
calculated by colony forming assay.

Differently from the conventionally reported result ”,
even the survival rate of bystander normal cells co-culture
with irradiated normal cells showed no significant
differences compared to the rate of control cells (Fig. 2A).
In addition, when the combination of irradiated cells and
unirradiated cells was reversed, no significant difference

A B

WI-38

H1299
mp53 neo

100 4
50
20
10 -

wtp53 Irradiated cells

Relative survival rates of bystander cells (%)

005 0 05 005 005 Dose(Gy)
WI-38 WI-38 Bystander cells

C WI-38 Irradiated cells

100 4

50

20

10 -
0 055 0 055 0 05 5 Dose (Gy)
wtp53 mp53 neo Bystander cells

H1299

Fig. 2 The survival rates of bystander cells after co-culture
with irradiated cells for 24 h. Irradiated cells/bystander
cells: normal/normal (A), cancer/normal (B),
normal/cancer (C). The columns show relative
survival rates (means = S.E.) of each co-culture group.
Survival rates of unirradiated and non-co-culture cells
were regarded as 100% (Data were not shown).

was found regardless of 7P53-gene status (Fig. 2B and C).

Our findings demonstrated that the bystander cell-killing
effect was not induced between different type cells in these
experimental conditions. In a similar experiment using
co-culture systems, it was reported that cancer (chondro-
sarcoma) cells could release bystander stimulations but
could not develop bystander responses by observing the
amount of micronucleus formation?.

These data may explain that it is not necessary to
consider risks for radiotherapy patients by y-ray-induced
bystander effects.  Further research will probably be

necessary in the future.
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Effects of High Concentration Verteporfin and Ion Beams

on the Expression of pS3 in Human Cultured
Retinal Endothelium

K. Akeo™ b), T. Funayama C), Y. Kobayashi 9 and Y. Akeo®

“ Akeo Eye Clinic, K eio University School of Medicine,
© Department of Radiation-Applied Biology Research, TARRI, QST

Repeated applications of verteporfin therapy 6 mg/m’ of
body surface area (7.5 uM in a 35 mm Petri dish) were
clinically used for photodynamic therapy (PDT) in case of
intravenous injection of verteporfin. Therefore we have
been carried out experiments to evaluate the effect of
verteporfin of this dose to the human retinal endothelium
cell (REC). In the previous report?, we treated human
REC with verteporfin of higher concentration (116 pM) than
the clinical dose (7.5 uM), and evaluated the effects on the
transcription of total RNA in vitro. High concentration
verteporfin significantly damaged transcription process of
RNA in human REC in vitro. Moreover, the ion beam
irradiation to the human REC treated with verteporfin affect
the time dependent change of RNA transcription, and the
different ion species (Ne, C, and He) result to different time
course decay of the amount of RNA.

We would like to know how the combination of high
concentration verteporfin and ion beams damage these cells.
As a similar phenomenon, we previously reported that
exposure to L-dopa inhibited the expression of GPx3, which
is a plasma antioxidant enzyme and maintains genomic
2)

integrity by inactivating these reactive oxygen species”, in

human retinal RE in vitro. In the previous experiment, ion
beam irradiations of both He and C decreased GPx3 more
remarkably than Ne. The expression of GPx3 incubated
with L-dopa decreased significantly after irradiation of both
He and C, and the irradiation of Ne increased the expression
of GPx3 incubated with L-dopa after the exposure of the
irradiation significantly”. Moreover, the expression of p53
was not significantly influenced by L-dopa, but increased
just after the irradiation both of Ne and He in those cells
incubated with L-dopa®.

P53 is a key molecule of apoptosis induction in the
human cells. Petermeier K,

et al. suggested that

verteporfin induces apoptosis in choroidal neovasculari-
sation of the patient of age-related macular degeneration®.
Therefore, to explore the mechanisms of combination effect
of verteporfin and ion beam radiation, we examined the
amount of transcription of p53 gene in human REC.
Established human REC

verteporfin (116 uM) for 2 h were exposed to an ionization

in vitro incubated with
radiation that is induced by acceleration of the ionizing atom
of 350 MeV *Ne, 220 MeV "C, and 50 MeV *He.
We obtained the REC after 0, 4, 8, 24 h of the irradiation
and extracted total cellular RNA and cDNA was synthesized.
We used the Primer3 website to design the primers for

RT-PCR amplification of the cDNA of p53 and 18S RNA.
The reactions were carried out at the following temperature:
95 °C, for denaturation; 60 °C, for annealing; and 72 °C, for
After mixing the cDNA,
primer, and SYBR green, the expression of 18S RNA and

extension for 17-27 cycles.

p53 was measured using the Light Cycler system. The
technology of this system is extremely innovative and
enables rapid and simultaneous evaluation PCR experiments.
Fluorometric analysis of the formed PCR products was
performed as a real-time measurement either continuously
or at specifically defined time points during each PCR cycle.

High concentration verteporfin significantly decreased
the expression of p53 in human REC in vitro after 4 and 8 h
of irradiation by 50 MeV He and after 0, 4, 8, 24 h of
irradiation by 220 MeV C (Fig. 1) except for 350 MeV Ne.
We considered that it was possible for the species of ion
irradiation to influence the expression of p53 after addition
of high concentration verteporfin to human REC in vitro.
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LET Dependency of Survival Parameters by Carbon Ion
Irradiation in Normal Human Dermal Fibroblasts

Y. Yoshida®, A. Takahashi”, K. Ando”, T. Funayama ", Y. Kobayashi® and T. Nakano®

% Gunma University Heavy lon Medical Center,
b)Department of Radiation-Applied Biology Research, TARRI, QST

The linear-quadratic (LQ) formalism is now almost universally used for calculating radiotherapeutic isoeffect doses for
different fractionation/protraction schemes. It is clear that radiotherapeutic response, both for tumor control and for
complications, is dominated by cell killing, and LQ is a mechanistic model of cell killing. Underlying the application of LQ
to fractionation/protraction effects is pairwise misrepair of primary lesions such as DNA double-strand breaks (DSBs) or base
damage. The two major pathways for repair of DSBs are homologous recombination (HR) and nonhomologous end joining
(NHEJ). In this study, we carried out clonogenic survival assay of normal human dermal fibroblasts exposed to heavy-ion
with and without an inhibitor of NHEJ to explore linear energy transfer (LET) dependency of LQ parameters, alpha and beta.

The results of the assay suggested an existence of participation of NHEJ on the alpha parameter of LQ model.

B R CH IR EBRIC R W TH I B AE B 2 RS
UWNTFRAT 9 2BRICH H &4 TV % linear quadratic model
(LQ-E7 /L) IX DNA O — ARSI, — AR (DSB) D
AR IO EIEZNREZET MLLIZb DO THD, Kt
{28% DNA @ DSB (A [EFL# 2 (HR) EFEFA RIR U A
(NHE)) IZX0EESND, WA IZZNETOHET, &
LET f#ti2ks DSB OfEEERRIZIE HR BE LV
NHEJ EE D5 HPMENLIZIE 725 Z &% L7 [ Takahashi
et al., Radiat Res 2014, 182:338-44], ZZC, AHFZE Tl
NHEJ 18 2 BREL-BRIC LQ BT /M B AW N
FA—=HD LET KIEMNE DIIRE b E R T ONEHE
M DZEERRIELT,

HM R TX B S B RS % HE 2FE A0 A2 NHDF (Normal human
dermal fibroblasts) Z FAV 7z, fRIFEHRIEH IXHERE K ERL
TR E % GHMC, 290 MeV/n, mono B — A3 LR
60 mm SOBP bt — A7 3R A% = IR AF TIARA
18.33 MeV/n, mono B —2% T, LET 13~158 keV/um
DOFMTIMLUT-, xHRIEFREL T 200 kVp D X SRR E %
Ffii 7=, NHEJ {&15 ¥ DNA-PK O FHEHA] (NU7026) %
BEHZ BRI 20 uM FRINL , 6 B#4 ICIREIL , 2n=
— AR TR A R, M AR =RIL LQ EF LT
T4y hEH, FORTA=FThDHaflE., PEOHIIEAE K
LM 10%E 72585 (Do) ZRDTZ, XERO D2V 771
AW T RBE Z2E LT,

NU7026(-)iZ3\ T, NHDF #ilabE6 07 Ha Az
AT LET IRAF 0022720~ 7= (Fig. 1), ofif, pfif.
RBE fli% LET {KAFH9ICHME %~ L7 (Fig. 2).
NU7026(HIZRBWTH, fiaAfFRih#E LET {&AFMI
22727 (data not shown) , RBE fEI% NU7026(-) IR
LET {RAFAICHEIME B & 7R L7228, afifid LET ([ZFEKTT
B Tdh 7= (Fig. 3), PEIT NU7026(-)E R E7E N TFED
btz (72721, TIARA THSFL7Z 108 keV/pm 3L
TV 158 keV/um DF —Z (ZHOWTIIMHTH ThHHT=0 , A
HEIZITE D TR,

L EOFERENG, BEAOF EIZB W TRERLEIY
RBE @ LET & AF MBI M A 7R 323, ofEE OB A 73 2
Teolz, ZOZEMBIKRFRITEBNT LQ T /MITEITba
THIZIX NHEJ [EEOER NG ENTOD A REMEDS RIS
iz,
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Fig. 1 The survival curves after exposure to radiation with
different LET values in NHDF cells (SOBP C: Center of
Spread-Out Bragg Peak).
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Fig. 3 LET dependency of survival parameters in NU7026
treated NHDF cells.
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Combining Carbon-ion Beam and NHEJ Repair Inhibitor

NU7026 Efficiently Kills Cancer Cells

A. Takahashi®, H. Ma", C. Igarashi 9 Y. Yoshida®, T. Funayama?,
Y. Kobayashi? and T. Nakano *®

% Gunma University Heavy lon Medical Center,
® Graduate School of Medicine, Gunma University,
° Department of Radiation-Applied Biology Research, TARRI, QST

We have that

non-homologous end-joining (NHEJ) repair yields a higher

previously demonstrated targeting
radiosensitivity than targeting homologous recombination
(HR) repair to heavy ions using DNA repair gene knockouts
(KO) in mouse embryonic fibroblast (MEF)". In this study,
we determined if combining irradiation with a Carbon-ion
(C-ion) beam and NHEJ inhibitor more could efficiently kill
human cancer cells compared with HR inhibitor 2.

Human non-small cell lung cancer (NSCLC) H1299
(TP53-null) cells were provided by Dr. Moshe Oren
(Weizmann Institute Rehovot, Israel).
TP53-KO MEF Lig4+/+Rad54—/— (Rad54-KO),
Lig4—/—Rad54+/+ (Lig4-KO), and Lig4+/+Rad54+/+
(wild-type) were provided by Dr. Frederick W. Alt (Harvard
Medical School, Boston, MA). Exponentially growing
cells were irradiated with a C-ion or x-ray beam. X-ray
were completed using a 200-kVp x-ray
generator (TITAN-225S, Shimadzu, Kyoto, Japan), operated
at 14.6 mA with a total filtration of 0.5-mm Aluminum plus
0.5-mm Copper or using a 150-kVp x-ray generator
(MBR-1520R-4, Hitachi, Tokyo, Japan), operated at 20 mA,
with a 0.5-mm Aluminum plus 0.3-mm Copper filtration.

of Science,

irradiations

The x-ray dose rate was about 1.3 Gy/min and 1 Gy/min,
C-ion beam irradiations (approximately
3 Gy/min) were performed using a 290-MeV/n synchrotron

respectively.

(Gunma University Heavy lon Medical Center, Gunma,
Japan), with a dose-averaged linear energy transfer (LET) of
50 keV/um at the center of a 6-cm spread-out Bragg peak.
TP53-null human non-small cell lung cancer cell line
H1299 were tested for radiosensitization to C-ions by

@ Irradiation alone
& B02

0O NU7026
v BO02 + NU7026

5
g 0.1
E 001
@ A
0 ‘ 2‘0 I 4‘0 0 I ~“1 I 0 ‘ lli I IS
Concentration (uM)  C-ions (Gy) X-rays (Gy)
Fig. 1 Survival curves after NU7026, B02 treatment and

radiation exposure for human H1299 cells. NU7026
alone, B02 alone and both concentration-dependent
changes (A). C-ions dose-dependent changes (B) and
the X-ray (C) when treated or not treated with 10 pM
inhibitors.

NHEJ-related DNA-dependent protein kinase (DNA-PK)
inhibitor NU7026, HR-related Rad51 inhibitor B02, or both
using colony forming assays. The mechanism underlying
the inhibitor radiosensitization was determined by yH2AX
expression.

NU7026 showed significant sensitizing effect to C-ions
in a concentration-dependent manner. In contrast, B02
showed a slight sensitizing effect to H1299 cells. The
addition of NU7026 significantly increased yH2AX
expression after C-ion and x-ray irradiation in H1299 cells.
NU7026 had no effect on radiosensitivity of Lig4-KO MEF
and B02 had no effect on radiosensitivity of Rad54-KO
MEF in both irradiations.

Wild-type Ligd-KO Rad54-KO
- A ) B NS ) C
ok
03
g
5 01
=]
20
g D
- 1r ok
@
20 0 20 20
o T Fa S Fa s
S S e O 45
Fig. 2 Survival fraction after radiation exposure with

NU7026 or B02 treatment in MEF. 20 uM NU7026
treatment (A-C), 20 uM BO02 treatment (D-F).
Wild-type cells (A and D), Lig4-KO cells (B and E),
Rad54-KO cells (C and F).

Our findings demonstrated that although the sensitizing
effect of NHEJ inhibitor to C-ion radiotherapy was slightly
lower compared with traditional x-ray radiotherapy, NHEJ
inhibition increases cytotoxicity of human tumor cells to
irradiation with C-ions more efficiently relative to HR
inhibition.
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Epigenetic Modifier as a Potential Radiosensitizer for

Heavy-ion Therapy on Malignancy (IV)

K. Saito™*?, T. Funayama ™, Y. Kobayashi ® and T. Murakami

) Faculty of Pharmacy, Takasaki University of Health and Welfare,
b Department of Radiation-Applied Biology Research, TARRI, QST,
© Graduate School of Medicine, Gunma University

Refractory tumors accumulate epigenetic abnormalities,
which often cause the resistance to various therapeutic
options. While the high linear energy transfer (LET)
heavy-ion radiation provides more pronounced therapeutic
effects than the low-LET radiation (e.g., y-ray), it is
necessary to develop promising sensitizers for the enhanced
radiation therapy. Herein we demonstrate that the use of
histone deacetylase inhibitors (HDACi)" could sensitize
refractory tumor cells well for the heavy-ion therapy.

B16F10 murine melanoma cells were treated with several
HDACis and followed by irradiations.
survival assay>”, annexin-V staining, cell cycle analysis?

The clonogenic

and Western blotting were performed. Results showed that
some HDAC:s significantly enhanced antitumor effects in
heavy-ion irradiated cells. In combination with irradiation,
those HDACis abrogated the G2/M arrest and increased
much early apoptotic events, leading to the decreased
clonogenicity. Moreover, these radiosensitizing effects of
HDACIi were much higher in heavy-ion irradiated cells but
lower phosphorylation of H2AX, a marker for DNA damage,
than in y-ray irradiated cells (Fig. 1).
that the pretreatment of HDACi may provide clinical

Thus, we propose

efficacy to refractory cancer patients in combination with
heavy-ion therapy.

Materials and methods
Cells and cell culture, Radiation exposure

See our previous description 2.

Treatment

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 HDACi for 16.5 h and then irradiated. The
concentration of HDACi was selected that required to
reduce colony formation by 10% alone and the irradiation
dose was selected D .

Western blot Analysis

After HDACi and radiation exposure, the cells were
incubated for appropriate time. Cells were lysed in RIPA
Lysis and Extraction Buffer (Thermo Scientific, Rockford,
IL).
protein assay kit (Thermo Scientific,

Protein concentrations were determined by a BCA
Rockford, IL).
Proteins were separated by SDS-PAGE, transferred to
PVDF membranes, blocked in 5% BSA/TBST and probed
with the following primary antibodies: phospho-Histone

H2A. X (Ser139), Histone
Technology, Boston, MA).
incubated with HRP-conjugated secondary antibody (Cell

H2A.X (Cell
Then, the membranes were

Signaling

Signaling Technology, Boston, MA) and visualized with a
chemiluminescence kit (GE Healthcare, UK) according to
the manufacturer’s recommended protocol and exposed with
LAS-3000 (Fujifilm,
Semi-quantification was performed with Image] (NIH).

Imaging System Japan).
Data presented are the mean + SE from at least three
independent experiments. The statistical analysis is in

progress.
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Fig. 1  Phosphorylation of H2AX. (a) Imaging of
chemiluminescent western blot detection, (b) semi-
quantification with ImageJ of phospho-H2AX/H2AX
ratio.
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2-08 Analysis of Mechanisms for the Induction of Radiation-Induced
Adaptive Response by Bystander Response

H. Matsumoto ? , M. Tomlta b) , M. Maedac) T. Funayama b
Y. Yokota? , M. Suzuk1 , T. Sakashlta and Y. Kobayashl

2 Faculty of Medical Sciences, University of Fuku1 ® Radiation Safety Research Center, Central
Research Instltute of Electric Power Industry, ¢ ) The Wakasa Wan Energy Research Center,
Department of Radiation-Applied Biology Research, TARRI, QST

The phenomena in response to low-dose/low-dose-rate radiation exposure are adaptive responses, bystander responses,
low-dose hypersensitivity, and genomic instability. The objective of this project is to elucidate molecular mechanisms for
the induction of radiation-induced adaptive response through radiation-induced bystander responses induced by irradiation
with heavy ion microbeams in QST. Human non-small lung cancer cells bearing the wild-type p53 were used. The two
colonies were prepared at the center of a 35 mm dish, which are 5 mm away from each other. Ten cells in a colony were
irradiated with Ar ion microbeams, then the cells of both colonies were irradiated with Ar ion broad beams after incubation
for several hours. By the analysis of surviving fraction, the phenomenon, “radiation-induced adaptive response” was
actually induced in the cells of both colonies. The response was almost completely suppressed by the addition of NO
scavenger to the medium. Collectively, radiation-induced adaptive response can be induced by radiation-induced,
NO-mediated bystander response.

AR AR R R BRI L CAE D R TR R 0)%*%'%75 5. NO ZfELICHUINRFER NA AL A — 5K
iﬁﬁ;%ﬁﬁ TV, HURRBGEG IR BT A AL LV IS E N FESN D ER W LN LR 5T
—INE | U R BRI R R EME DR DD, (Flg. 2) 2, MR LI R D Mia s VD2 EITRY, ik
aﬂa/z 3. B RE IR R S BV TR SN R R A AAS X — IS BT
A J) 50 RS 2 [ (HZ1) B ONERBE AR 1 PR 25 8 2 B M I A OB LD B \
(HYD) Z T, BURBREE R ANARZ L —IREIC LDl RO MERS . Ik R B2 feeme
SRR IR OB IS L ADNCTHILEA BEL T BTV IERH BT, \

E:F %:2 %fj/@ Lf_o - - - Thrgeted Colony Bystander Colony/
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Analysis of Biological Effect on 3D Cultured Tissue

Induced by Heavy-ion Microbeam Irradiation
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Y. Yokota®, M. Suzuki © and Y. Kobayashi®

YRadiation Safety Research Center, Central Research Institute of Electric Power Industry,
Faculty of Medical Sciences, University of Fukui,
2 Department of Radiation-Applied Biology Research, TARRI, QST

The heterogeneity of the absorbed dose within the
irradiated tissues is more relevant for high-LET heavy ions
than for low-LET photons since absorbed dose per single hit
for former is much greater than that for the Ilatter.
Therefore, directly irradiated and non-irradiated cells are
co-existing within the tissues exposed to the low fluence of
High-LET heavy ions.
response is generally known as a cellular response induced

A radiation-induced bystander

in non-irradiated cell by receiving bystander signaling
factors released from directly irradiated cells within a
tissue V.
damage and cell death were induced by nitric oxide
(NO)-mediated high-LET heavy-ion-induced bystander

signaling in normal human fibroblasts®. In this study, we

In our previous study, we showed that DNA

aim to clarify a role of bystander response to sustain the
homeostasis of damaged tissue irradiated with high-LET
heavy ions. We established the heavy-ion microbeam
irradiation method to a 3D cultured human epidermis.
Using this method, a viable cell rate of the 3D cultured
human irradiated with high-LET Ne-ion

microbeams or broadbeams was analyzed.

epidermis

Highly differentiated human epidermis model, the
LabCyte EPI-MODEL24 (Japan Tissue Engineering CO.,
Ltd., Aichi, Japan), and human epidermal cells cultured for
3 days using the EPI-KIT (Japan Tissue Engineering) were
used in this study (Fig. 1).
for 3 days consisted of basal and spinous layers as shown in
Fig. 1(B). The 3D cultured tissues were irradiated with
1-10 Gy of 260 MeV *Ne”* broadbeams or 15 particles of
260 MeV **Ne’* microbeams at 61 points (100 pm interval)
in a straight line.

Human epidermal cells cultured

Cell viability was assessed by an MTT

assay 90 h after irradiation.

(A)

(B)

' Cornified layer ME

N} Granular layer
Spinous layer

Basal layer
Heavy-ion
beam
Fig. 1  Hematoxylin and eosin (HE) stained human

epidermis model. (A) LabCyte EPI-MODEL24.
(B) human epidermal cells cultured for 3 days using the
EPI-KIT.

Figure 2 shows the cell viability of the 3D cultured
The
viability was approximately 90% and was not different
between the LabCyte EPI-MODEL24 and the epidermal
cells cultured for 3 days.

100
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0

tissues 90 h after Ne-ion microbeam irradiation.

Viability (%)

LabCyte
EPI-MODEL

: SRR T
idermal cells|

Ep

Fig. 2 Ratio of viable cells of the 3D cultured tissues 90 h
after Ne-ion microbeam irradiation.

Figure 3 shows the dose response of cell viability of the
3D cultured tissues 90 h after Ne-ion broadbeam irradiation.
The dose response of cell viability of the epidermal cells
cultured for 3 days was also similar to that of the LabCyte
EPI-MODEL24.
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Fig. 3 Dose response of cell viability of the 3D cultured
tissues 90 h after Ne-ion broadbeam irradiation.

Those results suggest that the differentiative basal and
spinous cells in the 3D cultured epidermis mainly respond to
high-LET heavy ions and bystander signals.
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What Kinds of Secrete Factor(s) Can Induce Bystander

Lethal Effect in Normal Human Fibroblasts Irradiated
with Ar-lon Microbeams?

M. Suzuki?, T. Funayama, Y. Yokota”, M. Suzuki ",
T. Sakashita® and Y. Kobayashi ®)

% Department of Basic Medical Sciences for Radiation Damages, NIRS, QST,
)Department of Radiation-Applied Biology Research, TARRI, QST

The last year we reported that bystander lethal effects
were induced by the different mechanisms between C- and
Ar-ion-irradiated cells. The bystander effect induced in
C-ion-irradiated cells was dominant via the gap-junction
mediated cell-cell communication and the Ar-ion induced
bystander effect was dominant via secrete factor(s) to
culture medium from the irradiated cells”. This year we
tried to identify secreate factor(s) caused of bystander lethal
effect induced in normal human fibroblasts using radical
scavengers.

Early passaged cell cultures of normal human skin
fibroblasts (Cell name: NB1RGB, Cell No. RCB0222) were
obtained from Riken Bio Resource in Japan.
Approximately 6 x 10° exponentially growing cells were
inoculated into microbeam dishes, which were 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. Half of the sample
dishes were treated with an inhibitor of gap-junction
mediated cell-cell communication (40 uM of y-isomer of
hexachloro-cyclohexane) from 3 h before irradiation to the
end of 24 h of post-irradiation incubation. Irradiations
were carried out using the 256 (16 x 16)-cross-stripe method
described previous report® using C ions (?C>*, 220 MeV),
Ne ions (**Ne’", 260 MeV) and Ar ions (*’Ar'**, 460 MeV)
at the HZ1 port in TIARA. The beam size of each ion
microbeam was 20 pm in diameter and the irradiations in
each point were performed to deliver 8 ions for carbon,
2 ions for neon and single ion for argon, respectively. 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. After
irradiations, cells were incubated for 24 h in a CO, incubator
at 37 °C, and then assayed using the colony-forming method
We used either dimethyl
sulfoxide (DMSO:0.7 M) as a scavenger of reactive oxygen

with/without radical scavengers.

species or ascorbic acid (AsA:5 mM) as a specific scavenger
of long-lived radicals and treated them during the 24 h of
post-irradiation incubation.

Figure 1 showed the results for lethal effects at 24 h after
irradiation  treated with/without the scavengers in
microbeam-irradiated cells (IR) and microbeam-irradiated
cells with the gap-junction inhibitor (L+IR). The surviving
fractions in the cells treated with DMSO were around 0.9
and no change was observed between the cells treated and

non-treated with DMSO.
similar with the cells between absence and presence of the
gap-junction inhibitor. The surviving fraction 0.9 was
significantly low beyond our expectation, indicating the
bystander lethal effect, because we could estimate that the
percent of Ar-ion direct hit cells was around 0.04% order of
all cells in the dish by the 256 (16 x 16)-cross-stripe method.
On the other hand, the surviving fraction in the cells treated
with AsA were around 1.0, indicating the suppression of
bystander lethal effect observed in the microbeam-irradiated
cells. And also no effect was observed in the cells
with/without the gap-junction inhibitor.
evidence that the secret factor(s) scavenged by AsA can
induce bystander lethal effect in the cells irradiated with
Ar-ion microbeams.

Furthermore the data were

There is clear

bystander lethal effect
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Fig. 1  Lethal effects in normal human fibroblasts

irradiated with Ar-ion microbeams at 24 h after
irradiation. The cell cultures were treated with either
dimethyl sulfoxide (DMSO) or ascorbic acid (AsA).
“L+IR” means the samples inhibited cell-cell
communication using the gap-junction specific inhibitor.
The results were the means and standard errors from at
least 5 independent experiments. ( * p<0.05)
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Analysis of Bystander Effect Induced by Peroxynitrite in

Glioma Cells

S. Wada®, D. Ueta®, T. Ohashi®, T. Kakizaki®, M. Natsuhori, T. Funayama ”,
T. Sakashita b), Y. Yokota® and Y. Kobayashi®
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So far, we clarified that X-ray irradiation induced cell killing by bystander effect mediated-secreted factor.

This phenomenon was related with nitric oxide (NO).

protein, p300, was observed in bystander cells.
be relative to induction of bystander effect.

1. IIC®IC
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NO induce nitration of protein which changes protein activity.
In this study we analyzed protein nitration in bystander cells after medium change.
It was considered that the change of protein activity by p300 nitration might

A nitration of histone acetyltransferase
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Fig. 1
with ebselen and without ebselen.

Relative value of p300 nitration on bystander cells
Mean =+ SD.
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In vivo 3D Analysis after Localized 26.7-MeV/u *C*-ion

Beam Irradiation in Japanese Medaka, Oryzias latipes

T. Watanabe-Asaka®, K. Nagata®, T. Yasuda®, C. Hashimoto®, M. Suzuki®, Y. Yokota?,
Y. Ikedab), T. Sakashita® ,T. Funayama b), Y. Kobayashi b), S. 0da® and H. Mitani®

?) Department of Integrated Biosciences, The University of Tokyo,
b Department of Radiation-Applied Biology Research, TARRI, QST

Radiotherapy is widely used in cancer treatment. In
addition to inducing effects in the irradiated area, irradiation
may induce effects on tissues close to and distant from the

irradiated area’?.

Japanese medaka, Oryzias latipes, is a
small teleost fish and a model organism for evaluating the
In this study, we

applied 15 Gy of low-energy carbon-ion (26.7 MeV/u)

environmental effects of radiation.

irradiation to adult medaka to a depth of approximately
2.2 mm from the body surface using TIARA in TARRL
We histologically evaluated the systemic alterations induced
by irradiation using serial sections of the whole body, and
conducted a heart rate analysis.

The calculated range of the carbon particles was
Anaesthetized
adult fish were aligned in a petri dish with the dorsal

approximately 2.2 mm in water (Fig. 1A).

(Fig. 1B) or ventral side facing upward for dorsal (DR) or
ventral (VR) irradiation, respectively. The cross-sectional
shape of the medaka is roughly oval, and we expected that
the medaka would be irradiated as shown in Fig. 1C and D.
the
approximately 3,600 serial sections at a thickness of 5 pm

For whole-body analysis of serial sections,
would need to be cut from the head to the tail.

Tissues from the irradiated side showed signs of serious
injury that corresponded with the radiation dose. The size
of the thymus located dorso-lateral was reduced in the DR
medaka. The kidney of the medaka is located on the

dorsolateral side at a depth of approximately 2 mm from the

LET of the *C* beam D
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—LET (keV/um)
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Fig. 1 A:LET for water '>C®" beam irradiation used in this
study. B and C: Diagram of the positioning of medaka
and the irradiated area. D: HE staining of transverse
sections in adult medaka. Dashed lines show a
distance of approximately 2 mm from the dorsal or
ventral surface. d, digestive organ; dr and vr, range of
dorsal and ventral irradiation; k, kidney; I, liver; m,
muscle; s, spinal cord.

2mm

2 mm

dorsal skin (Fig. 1D). In the DR fish, nucleated blood cells
were absent from the dorsal region of the kidney, but this
reduction in cell number was not observed in the kidney of
ventral irradiation VR fish (Fig. 2A and B).

A 3D reconstruction analysis of the kidney sections
showed the dorsal part of the kidney, where the heavy-ion
beam reached, showed severe atrophy in the DR fish
compared with the VR fish at 7 days after irradiation
(Fig. 2C). The kidney has a haematopoietic function in
fish. Amount of the blood cell in the DR kidney was
significantly lower only in the irradiated area and was not
reduced in the VR kidney (Fig. 2D). This data reflects the
precise localization of the injuries caused by carbon-beam
irradiation and irradiation damaged the haematopoietic stem
cells in the kidney.

Obvious telangiectases or aneurysms
involved in haemorrhages were observed in the arterial
capillaries of gill lamellae in both the VR and DR fish
7 days after irradiation. These results suggested systemic
irradiation effects. The present study provides an in vivo

of lamellae

model for further investigation of the effects of irradiation in
and beyond the locally irradiated area.

References

1) S. C. Formenti, & S. Demaria. Lancet Oncol., 10, 718
(2009).

2) B.J. Blyth & P.J. Sykes. Radiat. Res., 176, 139 (2011).

Dorsal irradiation (7d)
-

)

ast}

Dorsal

Dorsal irradiation (7d) Ventral irradiation (7d)

sal @ Ventral «— Dorsal O

Ventral

Fig. 2 HE staining of transverse sections and 3D
reconstruction of the kidney 7 days after dorsal or
ventral irradiation with ">C®* beam irradiation in adult

medaka. A: Dorsal irradiation with heavy-ion beam
irradiation. B: Ventral irradiation with heavy-ion beam
irradiation. C: 3D reconstruction of a dorsally or

ventrally irradiated kidney. D: 3D reconstruction of
blood cells in the same kidney as shown in C. The
scale bars indicate 300 pm.
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Dose and Particle Dependence of Fluorescent Dots in

DNA Sheet Observed with Fluorescence Imaging of
Oxidative Damage of Guanine Induced by
Heavy Ion Irradiation at TIARA

A.Tto”, F. Ouchi®, T. Ushiroda”, R. Hirayama®, Y. Furusawa ", T. Funayama® and Y. Yokota®

' School of Engineering, Tokai University, ®) Department of Basic Medical Sciences for Radiation
Damages, NIRS, QST, 2 Department of Radiation-Applied Biology Research, TARRI, QST

Introduction

The track structure of heavy ions 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
The biological effects of heavy ions should be
characterized by such a track structure of energy deposition.
Although as is well established, the indirect action decreases
with increasing LET, substantial contribution of the
low-LET penumbra to mammalian cell killing was strongly
suggested by our studies using an OH radical scavenger".
In accordance with these results, we detected significant
amount of 8-hydroxydeoxyguanosine (8-OHdG), oxidative
DNA damage produced via a reaction with OH radicals,
upon irradiation of heavy ions to guanine solution by using
HPLC system in coupled with an electrochemical detector .

For further confirmation of the significant contribution of
the low LET region, we tried to visualize the penumbra
region with the aid of an immunofluorescence method using
an antibody against 8-OHdG. In 2013 a uniform DNA-
lipid complex sheet insoluble in aqueous medium was
developed®, and in the following year using heavy ion
microbeam we detected fluorescent dots which may be
induced by incident particles.

In the present study, we examined numbers and areas of
the fluorescence dots in the DNA sheet exposed to Ar and H
ions, and the results confirmed that the dots result from
incident particles.

nature.

Materials and Methods

Water-insoluble DNA sheet is produced on a cover glass
as described in the previous report”. The DNA sheet was
exposed to Bouin’s fixative before irradiation. 460 MeV
Ar ion and 20 MeV proton, with an LET of 1,610 and
2.77 keV/um respectively, were irradiated to the DNA sheet
in ultra-pure water at TIARA. After irradiation DNA
samples were subjected to dual staining of DAPI to check
the uniformity of the DNA sheet and an 8-OHdG antibody
followed by treatment with a secondary antibody labelled
with fluorescent dye. The number density of fluorescence
dots, the number of dots in an area of a field of view of a
fluorescence microscope, and the size of those dots were
measured with Image-Pro Plus image processing software
(Media Cybernetics, Inc.).

Results and Discussion

Dose dependence of the number density of fluorescence
dots in Ar-irradiated DNA sheet was summarized in Table 1.
The dot density increased with increasing dose.
the measured density was significantly lower than that of
calculated incident particles, particularly in the high dose
region where overlapping of dots became evident. In the
case of proton, similar increase with dose was observed, but
the difference between observed dots and calculated
particles was much larger than the case of Ar, suggesting
that the proton energy density is small to induce
fluorescence dots. These results indicated that even at very
high LET of 1,610 keV/um, OH radical-induced DNA
damage was significantly produced.

However

The diameters of these dots were measured and averaged
The
mean diameter was around 0.50 pm in every dose of Ar ions.

over a field of view of a fluorescence microscope.

The value was larger than proton with a mean diameter of
0.44 um. Chatterjee and Schaefer? estimated that the size
of penumbra of Ar ion was about twice smaller than proton.
In our experiments, the relatively small ionization density in
penumbra in the proton case may underestimate the diameter.
Further data accumulation for different ions is in progress.

Table 1 Dose dependence of the density of fluorescence
dots in DNA sheet irradiated with Ar ions.

Dose (Gy)  Fluorescence dots” Incident particles”
3.4 358 165
338 7745 16500
1350 15355 66000

“ Density means dots or particles per a field of view (116 pm?).
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2-14 Sensitizing Activity Mechanism of Porphyrin Boron and/or
Fluorine Compounds for Carbon Irradiation in C6 Glial
Tumor Cells
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We had irradiated glial tumor cells by carbon beam of QST-Takasaki with a Boron and/or Fluorine-porphyrin derivatives
(Compounds-1, 11, III, IV).  The result indicated that the Fluorine and/or Boron elements may act as sensitizer of carbon ion

irradiation.
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Fig. 2 Survival fractions (%) of C6 cell irradiated by
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Fig. 1 The chemical structures of Compound-I, II, IIL, IV. concentrations.
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Detection of Transcripts of the Apoptosis Related Genes in

the Heavy-lon Irradiated Silkworm Eggs
during Early Development
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Checkpoint mechanisms are important for eukaryotic
cells, especially fertilized eggs to maintain the integrity of
genome. In response to DNA damage, checkpoint responses
prevent further cell cycle progression to repair the damage
of DNA. After the DNA lesions are repaired completely,
the cell cycle will restart. When the DNA damage cannot
be repaired, a cell can undergo programmed cell death in
order to eliminate the damaged cells. Recently, an
alternative process, termed (checkpoint) adaptation, to
re-enter cell cycle progression even in the presence of
unrepaired DNA damage was reported. During the process,
Then the

cell restarts the cell cycle without repairing the damage".

the signal from the damaged site is gradually lost.

We have reported that the heavy ion (10 Gy of carbon
ions) irradiated silkworm (Bombyx mori) eggs at just
fertilization restart the development after short time delay
(about 2 h), with imperfect (or no) repair of DNA damage.
Then, the eggs having damaged DNA died at after cellular
blastoderm stage (about 12-14 h after oviposion) by
apoptosis.  The phenomenon resemble to checkpoint
adaptation.

On the other hand, there is the other interesting
hypothesis. In the mouse at the one- or two-cell embryo,
the G2/M checkpoint and DNA repair mechanisms have
insufficient function”. The embryo, irradiated with 10 Gy
of gamma ray, restart the development at 30-35 h after
Most of

So the

fertilization without the repair the damage.
maternal transcripts are degraded at this time.
damaged embryo cannot stop the development.

In this study, we investigate the amount of transcripts of
the genes concerned with checkpoint and apoptosis
induction, Bm Histone H2AX (Bombyx) , Bm p53 (Bombyx) ,
Bm Dronc (Bombyx initiator caspase), Bm Caspasel
(Bombyx effector caspase), and Bm Actin A3 as internal
standard, at various of early embryogenesis.
The quantitative analysis was performed by real time PCR.
External standard kit (A poly A) for gPCR (TAKARA) was

used as external standard.

stages

The transcripts of all 4 apoptosis related genes were
detected in the silkworm eggs by RT-PCR (Fig. 1). The
amplified bands of each gene were revealed at all lane.
However, the amounts of the transcripts were quite different.
In comparison the amount of Actin A3 mRNA, the levels of
apoptosis related 4 genes were quite low, especially the
amount of Bm Dronc mRNAs were <0.5%. This may be
one of the reasons why the apoptotic cell death cannot be

detected in the heavy ion irradiated silkworm eggs at early
development. The mRNA amount of Bm Dronc increased
to about 500% at 12 h after oviposion. In the stage, the
transcripts derived from embryo’s genes could be detected,
and TUNEL positive nuclei would be observed. Now, we
try to detect the Bm Dronc protein by using the specific
antibody.
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Fig. 1 Detection of transcripts of four apoptosis related
genes during the early embryonic development of
silkworm eggs by RT-PCR. M: marker, lane 1-3: Bm
Histone H2AX, lane 4-6: Bm p53, lane 7-9: Bm Dronc,
lane 10-12: Bm caspasel. Lane 1, 4, 7, 10 are the
samples from the eggs of 3.5 h after oviposition. Lane
2, 5,8, 11 are 6 h after oviposition and lane 3, 6, 9, 12
are 12 h after oviposition.
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Fig. 2 The relative amounts of the apoptosis related genes
of the heavy ion irradiated eggs at 3.5 h after

oviposition. External standard = 100.
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Effects of Region-Specific Carbon-Ion Irradiation on

Locomotion in C. elegans

A. Yamasaki ¥ b), M. Suzuki®
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? Division of Biological Science, Kyoto University,
®) Department of Radiation-Applied Biology Research, TARRI, QST

The nematode Caenorhabditis elegans is a suitable
model organism to study tissue-specific radiation effects,
because it has fundamental tissues such as neuronal circuits,
muscles, intestine, and gonad. Using C. elegans, we have
investigated the effects of heavy-ion irradiation on muscular

movement, and found that whole-body irradiation
significantly reduced locomotion (snake-like crawling
motion) V.  However, the same effects as whole-body

irradiation have not been observed after region-specific
microbeam-irradiation to head, middle, or tail region D,
In the present study, to investigate the relationship between
effects and irradiation region in more detail we widened the
irradiation region and targeted to anterior half-body and
posterior half-body.

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 (12C5+,
18.3 MeV/u, LET=119 keV/um) generated at the HZ1 port
of TIARA. To inhibit free moving during irradiation a
worm was enclosed in a ditch (approximately 60 um in
width) of a polydimethylsiloxane microfluidic device with
buffer solution. Targeting regions were as follows: (1)
whole body, (2) anterior half-body (the nerve ring, pharynx,
intestine, and gonad), and (3) posterior half-body (vulva,
intestine, gonad, and tail). These regions were irradiated
with 200,000 or 600,000 carbon ions corresponding to 1.0 or
3.0 kGy at a 60 um micro-aperture area. For example, in
the anterior half-body irradiation, we targeted to the ¢60 um
area in order from head to middle and irradiated at seven or
eight times (see Fig. 1). In the locomotion assay, a worm
was placed on an agar plate spread with E.coli (food)
immediately after irradiation. The locomotion was video-
recorded, and then the trajectory for 5-sec duration was
derived by image processing of the movie (Fig. 2).

In the case of irradiation with 3.0 kGy, locomotion in the
worms irradiated to anterior/posterior half-body was reduced
(Fig. 2c, d), while that in the worms irradiated to
whole-body completely stopped (Fig. 2b). There was no
significant difference between worms irradiated to anterior
half-body and those irradiated to posterior half-body.
Arrest of locomotion in the worms irradiated to whole body
slightly restored at 24 hours after irradiation.
Furthermore, reduction of locomotion

was
in the worms
irradiated with 1.0 kGy to anterior/posterior half-body was
less than that in the worms irradiated with 3.0 kGy, and was
well restored.

From these results, it was found that the radiation effects

O: @ 60 ym microbeam-
irradiated region
head

C.elegans tail

100 pm

irradiate in order

Fig. 1 A C. elegans enclosed in a ditch of a microfluidic
device. The circle represents the area targeted by using
a micro-aperture with 60 um in diameter.

(a) tail

g \x

head head
(c) )(d
tai head e head
tail
1 mm

Fig. 2 The typical locomotion of C. elegans immediately
after region-specific irradiation with carbon ions. (a) A
worm without irradiation (control); (b-d) worms
irradiated with 3.0 kGy to whole body (b), anterior
half-body (c), and posterior half-body (d), respectively.
Solid line overwritten on a worm represents the
trajectory of the center point of the body for 5-sec

@ and X represent the start point (0 sec) and

the end point (5 sec), respectively.

duration.

on locomotion in C. elegans depend on the irradiation area.
As the next step, we will carry out the tissue-specific
microbeam irradiation to explore the part of the body which
relates to radiation-induced reduction of locomotion.
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Detection Methods of Irradiated Raw Bovine’s Liver to

Sterilize the Inside of “GYU-REBA-SASHI”

M. Kikuchi and Y. Kobayashi

Department of Radiation-Applied Biology Research, TARRI, QST

To prevent foodborne illness from beef tartare “Yukhoe”,
which is served at restaurants, the surface of raw meat have
heated and trimmed. However, pathogenic bacteria of E.
coli were found in the inside of raw bovine’s liver.
Furthermore, no available disinfection could sterilize the
bacteria in the raw liver. Then, raw bovine’s liver known
as "GYU-REBA-SASHI" was prohibited as Japanese dish,
from July 1, 2012. We have thought that radiation
exposure is the only solution to kill the bacteria in the liver,
since irradiation can sterilize bacteria in foods of sealed
package without heating. Providing to the permission of
radiation sterilization to eat the liver, detection methods of
the livers have been examined by the following methods.

First, ELISA method, which had been developed for

irradiated ground meat, was applied to the raw bovine’s liver.

After the irradiation with y-rays, the DNA was isolated from

the liver. The 8-hydroxyguanine (8-0xoG) of oxidative

DNA base damage was measured by using specific antibody.

The signal intensities from the livers, irradiated on ice,
showed simple increase by increasing the absorbed doses.
When the liver were irradiated in dry-ice, no signal increase
of 8-0x0G was observed (Fig. 1). In the ELISA method,
the 8-0x0G was the secondary reactant that was induced by
radicals. As the result, the temperature affected to the
8-0x0G production, since the migration of radicals could be
inhibited under freezing temperature. That is why the
induction of DNA base damages by v-irradiation was
suppressed in frozen condition.  Therefore, the dose
response of 8-0xoG on the ELISA method suggests an
application to the irradiation detection of bovine’s liver
treated in chilled condition".

Second, we decided to detect radicals, based on the
ionization of radiation. consisting of
unpaired electrons, can be theoretically measured with

Each radical,

electron spin resonance (ESR) spectroscopy. However,

3.0

2.5 .
Irr. onice

2.0

15

1'0 . .
Irr. in dry-ice

Relative signal intensity

0.5

0.0
0 2 4 6 8
Dose (kGy)

Fig. 1 Dose response of irradiated raw bovine liver on
ELISA method.

ESR method was not so easy to measure because of
water-in-samples and ambient temperature. Since, we had
an experience of ESR method at liquid nitrogen temperature
in the detection method of fresh fruits irradiated in the
quarantine treatment, we tried to measure raw bovine’s liver
in similar manner of ESR.

After the raw bovine’s liver was exposed to y-rays,
radicals on the liver were measured with ESR at 77 K in
liquid nitrogen. In the magnetic field of 320.5 to 335.5 mT,
the signals responsible to absorbed doses were found. The
signal intensities of the main peak were increased up to
5 kGy. The side peaks existing in low and high magnetic
fields of the main peak showed linear responses by
increasing absorbed doses (Fig. 2). Without a complicated
sample preparation, radicals in the livers can be measured
easily on the ESR at liquid nitrogen temperature.
Surprisingly, the radicals were found in a tissue of the
animal, except for bones. Therefore, the ESR method may
be applicable to distinguish the raw bovine’s liver when
exposed to more than ca. 3 kGy even in a couple of days
after irradiation ?.

In conclusion, the ESR method can be useful for the
screening of irradiated bovine’s liver in quick handling.
Practical temperature of irradiation for the raw bovine’s
supposed to be wunder freezing condition.
Additional experiments are currently in progress for the
application of ESR method to the irradiated frozen raw
bovine’s liver.

liver is
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Fig. 2 Dose response of irradiated raw bovine liver on
ESR method.
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Estimation of Damage Localization in DNA Irradiated

with ‘He**, *C*, and ®Co y-rays in Aqueous Solution

K. Akamatsu and N. Shikazono

Department of Quantum Beam Life Science, KPSI, QST

1. Introduction

Ionizing radiation-induced DNA damage can cause
mutation and carcinogenesis. In particular, “clustered
damage”, 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 induced around high-LET
ionizing radiation tracks.
unknown.

estimating localization of apurinic/apyrimidinic sites (APs)

However, detail of the damage is
We have already developed a method for

on DNA using fluorescence resonance energy transfer
(FRET) occurring between different fluorescent dyes
(Alexa350 and Alexa 488) (hetero-FRET). The FRET
efficiency (E) was calculated from Alexa350 fluorescence
intensities before/after enzymatic digestion of the labeled
DNA with APs”. We succeeded in estimating qualities of
clustered APs produced in *He?™-, '>C°"-, and *Co
y-irradiated dry DNA film to study “direct” radiation effects
using the method 2. We also applied the method to
aqueous DNA solution to study “indirect” radiation effects.
However, there are some problems of the complex protocol
and of the sensitivity due to the low extinction coefficient of
Alexa350. We have, therefore, developed “homo-FRET”
occurred between two or more Alexa488 molecules. We
will obtain magnitude of FRET also from “fluorescence
anisotropy” of homo-FRET between Alexa488 molecules.
The new protocol using homo-FRET enables us to estimate
DNA damage localization without any enzymes and
improves sensitivity to detect a clustered damage.

2. Experiments
eSample preparation and irradiation

PUC19 digested by Sma I was used (linear formed) for
DNA samples to be irradiated. The DNA was dissolved in
0.2 M Tris-HCI buffer (pH 7.5), which is a cell-mimetic
condition, to be ~10 g/L. The DNA solution was trans-
ferred to a chamber (thickness: 1 mm), and was irradiated
with plate was irradiated with *He’" (12.5 MeV/u, LET:
19 keV/um), 2C®" (26.7 MeV/u, LET: 87 keV/um), (HY,
TIARA).
standard radiation source at Kyoto University Research

Moreover, *Co y-rays were also used as a

Reactor Institute.
® Preparation of fluorophore-labeled irradiated DNA and
FRET observation”

The irradiated DNA (10 pL in water) and 10 pL of
100 mM Tris-HC1 (pH 7.5) were mixed in a microtube.
Two microliters of Alexa488/DMSO was added to the DNA
The
ethanol-

solution and was incubated for 24 h at 35 °C.
fluorophore-labeled DNA was
precipitation followed by ultrafiltration.

purified by
The fluorescence

anisotropy was measured at 525 nm (ex. 470 nm).
The anisotropy, < r >, is defined as follows:

<r>=(lw- Gm)/(Irv+2-GIyn)

where /vv is the fluorescence intensity when the excitation
and emission polarizers are both vertically oriented. I is
one when the excitation/emission polarizers are
vertically/horizontally oriented.

defined as Juv/Iun.

G is the grating factor

3. Results and Discussion

0.35
A
v °
\; 0.34 ..
s
= [ ]
5 033 ,A
2 °
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$ 0.31
s ]
>
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Fig 1 Fluorescence anisotropy of AF488-labeled DNA
irradiated with ®°Co y-rays (e), *He?" (m), and >C®* (A)
as a function of AP average density.

Figure 1 shows relationships between AP average density
and fluorescence anisotropy for the He, C ion beams,
and ®°Co y-rays. This indicates that anisotropy for He ions
are almost the same as those for C ones, whereas anisotropy
for these ion beams seems to be smaller than that for the
y-rays.
show difference in anisotropy between APs in comparison

We consider that LET of C beam is not enough to

with He beam.
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A Study on Ion-beam-induced Mutations in Rice under

Cross-ministerial Research Program, “SIP”

Y. Oono and Y. Hase

Department of Radiation-Applied Biology Research, TARRI, QST

Since 2014, we have been involved in the scientific
research program, Cross-ministerial Strategic Innovation
Promotion Program (SIP), directed by the Council for
Science, Technology and Innovation (CSTI). The project,
“Technologies for Creating Next-Generation Agriculture,
Forestry and Fisheries” is one of the 11 projects produced
and run under SIP. One of the major goals in this project is
establishing techniques  including
sophistication of the ion-beam breeding technique. With
collaborating other irradiation research facilities such as
RIKEN Nishina Center and Institute of Radiation Breeding
(IRB), we are going to analyze DNA of rice mutants by
exome analysis V' (Fig. 1). This study is aimed to uncover

new  breeding

features of induced mutations caused by ion beams in
TIARA, and figure out similarities and differences of
characteristics of mutations obtained in the other facilities.
Rice cultivar Nipponbare was chosen for the material of
the experiment, because genome sequence of Nipponbare
has been released to the public. Seeds of Nipponbare were
irradiated with 40 Gy of 320-MeV '2C®" ions (LET on
surface=76 keV/um), after adjusting their water content to
12~13%, and sown on soil to grow M1 plants in a

plants genomicDNA  fragmented DNA hybridization purification
exon - é — - 5
¥
e o) 4 (N * R W 7 x
» » T » f ) »
D 7
& e
/\ —1
7 =—
-90 -90 , biotin
DNA probes =0 —QOK (5) %
for exon =0 NGS
Fig. 1 Schematic outline of exome analysis. Genomic

DNA is extracted from plants (1) and fragmented by
sonication (2). Synthesized biotinylated DNA probes

of protein coding region (exon) are mixed with the
fragmented genomic DNA (3), then exon fragments
(boxed) are captured by hybridization and affinity
purification (4), followed by being subjected to next
generation sequencing (NGS) (5).

Fig. 2 An irradiation sample of rice seeds in a
60-mm-diameter dish covered with polyimide film (left)
and M1 plants grown in a greenhouse (right).

greenhouse at TARRI, QST (Fig. 2). M2 seeds were
harvested from every M1 plants and sown again on soil to
estimate mutagenic effect by counting the number of
chlorophyll mutants in the M2 lines at seedling stage.
Several types of chlorophyll mutants, which show pale or
white leaf color, were identified (Fig. 3). The appearance
rate of the chlorophyll mutants was 6.6% (134 / 2,039 M2
lines), suggesting that the irradiation properly worked and
caused mutations in the rice genome as expected. We also
screened morphological mutants in this mutagenized
population in a green house and identified several mutant

candidates with altered visible phenotype (Fig. 4). Seeds
of these mutant candidates were harvested and the mutant
phenotype was confirmed in next (M3) generation. At the

end of March 2016, we have successfully confirmed mutant
phenotypes in 8 independent M3 lines. These mutants
were put on the list for exome analysis that will be
performed in the project. Some M2 lines were send to IRB

to be screened in the paddy field in IRB.

Reference
1) L M. Henry et al., Plant Cell, 26, 1382 (2014).

Ry

i

Fig. 3 Chlorophyll mutants used to estimate mutagenic
effect in the M2 population. (A), albino; (B), xanta;
(C), chlorina; (D), striata; and (E), virescent.

Fig. 4  Phenotype of some morphological mutants
identified in the M2 population. (A), leguleless, an
organ in the area between basal portion of a leaf blade
(inside of the circles) is present in wild type (wt) but
missing in the mutant; (B), wide leaves; (C), not straight
stem growth; (D), semi dwarf.

This work was supported by CSTI, SIP, “Technologies
for creating next-generation agriculture, forestry and
fisheries” (funding agency: BRAIN, NARO).
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Ion Beam Breeding of Rice for the Mutation Breeding

Project of the Forum for Nuclear Cooperation
in Asia (FNCA)

A. Tanakaa), Y. Hasea), Y. Oonoa), H. Ishikawa® and A. Koike”

a)Department of Radiation-Applied Biology Research, TARRI, QST,
' Nuclear Safety Research Association

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’ for five years has been launched,
following the previous project on ‘Composition or Quality
in Rice’ (FY 2007-2012). This new project will contribute
to the increase of food production and improvement of food
quality in Asian countries by establishing mutant varieties
such as high yielding varieties under low input conditions,
new varieties tolerant to diseases, droughts, and other
climate changes, according to participating country’s
demands by using gamma rays or carbon ions. Ten
countries, i.e., Bangladesh, China, Indonesia, Japan, Korea,
Malaysia, Mongolia, The Philippines, Thailand, and
Vietnam have been joined this project and several countries
irradiate seeds of their own rice varieties with ion beams at
TIARA.

2. Materials and Methods

Hulled dry seeds were exposed to 320 MeV carbon ions
at TIARA with optimal doses for respective rice varieties to
induce mutation. After irradiation, seeds were sent back to
the participating countries and investigated for mutation
induction.

At the FNCA workshop on Mutation Breeding held in
Thailand in February 2012, we have 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)
irradiated with ion beams at the optimal dose, should be
harvested in order to expect a good result.

3. Results and Discussion

Some of the participating countries have proceeded to
select mutants in accordance with their countries’ demands.
In Bangladesh, BINA dhan-14, showing early maturing and
high yielding, got official approval for releasing. BINA
dhan-14 was cultivated for farmer with the help of
agriculture extension in the different area of Bangladesh.
Farmers are becoming more and more interested to cultivate
this new mutant variety with good agronomic characters.
Other promising mutant lines are selected from the mutant
lines of drought resistant rice varieties, NERICA 10 and
other rain fed rice. Four land races of rice collected from
the southern part (costal area) of Bangladesh, are planned to

Fig. 1 Ion-beam induced promising mutant lines were

evaluated in the fields after several generations of
self-fertilization.

s

be irradiated for further experiments. In Indonesia, through
carbon-ion 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.

In Vietnam, CMBT (carrying salt tolerant gene) and
BLBT (carrying bacterial leaf blight disease tolerant genes)
seeds were treated with carbon ion radiation (40 and 60 Gy)
and were planted and selected at the Agricultural Genetics
Institute up to fourth mutant generation (M,). Fourteen
M, promising mutant lines derived from 60 Gy-irradation
were selected.  All of these lines were evaluated for
resistance to bacterial leaf blight and salt tolerance in a
green house.  Most of the mutant lines showed the higher
yield than the original varieties.

In Malaysia, 31 potential mutant lines were produced
through mutagenesis of MR219 seeds with carbon ion
irradiation (60 Gy). They were planted at the Malaysian
Nuclear Agency up to third generation (M;). These M;
lines (ML1 to ML31) were evaluated on morphological,
yield and yield components, and compared to the parental
variety, MR219. Advanced mutant lines, MR 219-4 and
MR 219-9, were evaluated at the farmer's plot in the
northern part of Malaysia. The data on water stress
condition indicating that MR 219-9 is more tolerant to
drought as compared to MR 219-4 and MR 219-control.

Reference
1) A. Tanaka et al., JAEA Takasaki Annu. Rep. 2014,
JAEA-Review 2015-022, 96 (2016).
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2-21 Mutagenesis of the Oil-producing Algae by

Ion Beam Irradiation

H. Araie a), Y. Hase b), Y. Oono b), I. Suzuki® and Y. Shiraiwa®

I aculty of Life and Environmental Sciences, University of Tsukuba,
b)Departrnent of Radiation-Applied Biology Research, TARRI, QST

Biofuel production using algae has attracted attention as a candidate for the next generation energy. However, due to
the development of algal biomass industry, improvement of existing oil-producing algae is required. Here we tried
mutagenesis of the oil-producing algae, Tisochrysis lutea, by ion-beam irradiation.

BHE AR U7 A REHEFE 1T, AL RS-0 D4
FERD e B L0 &<, BRHEELH G LRV RED
FEEF S0 IR R LX — DM EL CTHEH SN
TW5, LinL., BEAA I~ AFEZEDOERDT-0121%. BE
TFEOFANFEABEEBR L, VA ANVAEFEICEL7-F H
BHAR AV 8 B RERR D DU i OB FHE E % RO RR)
PR DMNBEN DD, A ANVEEATEIS DUV TIE, FEAAL
HHHNE UV I LAE BREHAR AL TODE
OO, BBEENLE LA A BARESLIITHEL,
AHFZETIL, B BB - AV EEAE RIS LT
Ao — % PBE U, A AV EE A O S R MR
JEIRA B OFHE Il 22 R 7 TR a9 AL 3t
WCEHMBENLE LA AL RIROTSE BE32LT,
EOFANEFEIZHE LT 2R BRI E ORI
G348 — 2R A OB & FE ML 7=,

Tisochrysis lutea(T-Iso £) 13, BIEETIZ 5 fESHT
WABRSIRE T Vo BT DT ME A D
1 DT, TN ATBS I I RAL K E DN E R 5L
PHEY oy MREIEL TORI AR RESN TS Y, £, T
Iutea \ IV PEEBIE CH DD KA N2 HEKZ AV K&
HENITRETHY, ABFNRNWIENBEEICAEELTK
BRRIN TV DEETHD, T, Fox 1L X
M TORMEERSEZHALNICL, BETHI &S
JADIEBRBBELINTND CRFER) . TR TIL,
FANAEFERELUTHLR T, lutea (T-Iso ££) Z V>, &lf
7S AFERTIZRB VT, 0~3,000 Gy FH4 DA A B —
LIRS 320 MeV D PCHTIT o7,

AF e — AR A BRI T T2 DI I R B T ORE
BNV BEBRARTHD, 2T, 7131 AKRSH
(MA-ESM) CiH# L7258 K (1% BactoAgar) TO# L%
Fesr U7z (Fig. 1),

Fig. 1
Tisochrysis
(T-Iso strain).

Plate culture of - s
lutea » g o

WA T. lutea (T-Iso £8) 7L —h EToHan=—E i
5.2 B IS R M AR~ 120 Gy ~3,000 Gy FRE T
an=— A MR TE D o 72 (data not shown), 0 ~
80 Gy MBECRHMIL7-an=—alidk & IREHR R L T

Ty U T lutea Do =—JE B B EHR&13
%9 30Gy 72-7= (Fig. 2),
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Fig. 2 Boxplot of dose-dependent for colony formation.
150 cells dropping on the plate were irradiated by 0, 1, 5,
20 and 80 Gy respectively. Colony numbers were
counted 7 days after irradiation. Red line: Binomial
approximation formula of median, Dot line: Half line of
colony number, Arrow: Dose for half of colony
formation.
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Fig. 3 Histogram of alkenone productivity. Alkenone
productivity of 12 strains from wild type (bordered in
green), 59 strains from mutants obtained by 20 Gy
irradiation (pink) and 32 strains from mutants obtained

by 80 Gy irradiation (blue) were analyzed.
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Development of Low Temperature-Flowering

Chrysanthemum Variety ‘Ryujin’ and ‘Touma’

M. Tamari a), Y. Tanokashira a), S. Nagayoshi a), K. Kido a), F. Tojima a), Y. Hase® and Y. Oono"

2) Kagoshima Prefectural Institute for Agricultural Development,
Depal“[ment of Radiation-Applied Biology Research, TARRI, QST

We have succeeded to develop new chrysanthemum variety ‘Ryujin’ and ‘Touma’ by step-wise improvement with ion

beam irradiation.

Important agricultural traits in chrysanthemum, i.e.,

low lateral-bud formation and low-temperature

flowering, were conferred in a step-wise manner by two or three-round of ion beam irradiation and mutant selection.

1. IZC®IT
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mum variety ‘Ryujin
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Determination of Ion Beam Irradiation Conditions

for Callus of Tulip

S. Tkegawa ), K. Shoji ¥

, Y. Hase ®

and S. Nozawa ©

)To;fama prefectural Agricultural, Forestry & Fisheries Research Center,
Department of Radiation-Applied Biology Research, TARRI, QST,
© Research Planning and Promotion Office, QuBS, QST

For obtaining a novel mutant from tulip plant by ion beam irradiation, we determined effective mutagenesis conditions

for callus derived from flower stalk of tulip cv. "Yumenomurasaki".

Under various dose of irradiation using 107 MeV

helium ion (107 He) or 320 MeV carbon ion (320 C), 2 Gy of 107 He or 0.5 Gy of 320 C was thought to be adequate for
inducing mutations that were estimated from survival rate, the number and the length of regenerated shoots from

irradiated calli.

F 2=V T DANA (RIS ~E B EITHZ
M UR %ﬁ%&amﬁé THAEBFRDBENEELZ LD
FESHLD, AT TIL, SRS B A B L, &
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—LE MBI DL, FOTEIE/R B St mT LT,
P EHZIL, & ILIRE R FE Ch A DR DL H K

TV RE AN, AF B =T 107 MeV DOA~UT LA (LA
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ET BT O 2 [MFEHT 5L, B FAIMR%D
Ta—MNEAHL v a— MR BB FRE RIS L CRE
THIEELT,

1 [5] B FREH L, WA A R PR O 10 SEL AL
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Fig. 1 Average shoot number regenerated from calli, observed
at 3 months after irradiation.
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Fig. 2 Average shoot length regenerated from calli, observed
at 3 months after irradiation.
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107 He Tl 2 Gy 5 3 Gy {23V T, 320 C TiE 0.5 Gy 735
1 Gy IZ8BWC, 7= 2 BB o 107 He TiX 1.5 Gy 25
2 Gy (28T, 320 C TIL 0.5 Gy 7°5 0.75 Gy (2B Cal
72K F S RbI7- (Figs. 3and 4),

Fho, AA e — DRI AR K OV
BRIRERGHEZ T o722 A, ZTVETIZ 107 He & 1 LY
2 Gy MRS EMEARD D4 1 #, F7= 320 C % 0.5 X150 Gy
TR RS 9 HE 1 B/ NRIRE ST, 72721, 320 C
50 Gy MBEHEIADT 2—NT, IV ADEMDSMOTU
7ol TOMEEPLELN I NERIRIFE — 2O BB E T
TR O LHERIX U,

ZNHDFEREND, 107 He 2 Gy K 18320 C 0.5 Gy 73F =
U T TINASDIRF LU CEIEThHHEE LT,
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Fig.3 The survival rate of the first irradiation after 1 year.
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Fig. 4 The survival rate of the second irradiation after
9 months.
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2-24 Re-Development of New Variety of Salvia
by lon Beam Breeding

E. Yamaguchi a), M. Miyatani a), T. Kawai a), H. Atsumi® and Y. Hase”

 The Yokohama Nursery Co., Ltd.,
b)Department of Radiation-Applied Biology Research, TARRI, QST

To obtain new flower mutants and evaluate the difference in the irradiation sensitivity for re-irradiation, the flower color
mutants selected from carbon ion (320 MeV) irradiated interspecific hybrid Salvia varieties were irradiated with carbon ions
again. The mutation rate for flower color characters were ranged between 0% and 14.58%, by different doses.
The possibility for commercialization of the selected flower color mutants will be evaluated continuously.

1. XL

BRIEREA (R) T pROF /LT Fl M 20 il (SAC33) Table 1 Survival rate and rate of mutation.
IR ODIEERNED, 2OV NAETIZA A E — L%
R CTHRLNIAERER 4 RREMEIEL THEAA First Second = Number Rate of

Survival

E— LA BREL BT AR O A AT HeNO Gy) | Dose(Gy) cut(t)ifn rate(%) m“;;j)i"“
LibIc, R EREIC L - TR IS RO E = r

0 41 707 3.45
HfRL7. 0.5 129 488 159
1 136 397 3.70

2. MBI R OVH ik 6-8 2 132 50.8 7.46
HEERZHIL, FAET SAC33 (T8 TR 2e B Pink : 3 126 39.7 8.00
ST S0 B 05 R SR IT D AVE Y A 7k 12 L0 3 4 122 549 448
SV AF L — 4 (320 MeV - 12C8T) L, 55N 6 123 528 6.15
72255 4 FHE 6-8, 6-19, 6-22, 6-25 Z AV, AR AD 8 17 385] 6.67
WT 3,841 AOFRUBAZIERIEHICIRL . HOA A — 0 37 405| 667
2 (320 MeV+2C87) MBS L 72, BREHREIT. 0, 0.5, 1, 2, 0'15 ig ;33 131;59
3,4,6 KU 8 Gy kL, MALIMLEIERG FLAFL, (o > 06 | 6511 1249
TR 3 BARUR Y~k B BEHE AT o7, Pink 6 3 122 41.8 7.84
4 113 319 556

3. RREUVUBE 6 118 407 14.58
TR R ORI R 1T, B 1 BIHIZE DKL 80%LL EdH 8 105 40.0 7.14
ST, AIENE 75%LLF Tého7= (Table 1), BRI AT 0 42 50.0 4.76

KORBEL BN ERLIZEDODH T, b E VA 05 137 40.1 3.64

B3 IE0 SAC33 LABED AR G R HEIFIRE R TH 1 143 343 000
STz, ZOMOERTIE, JiEESE L7 L0 ao i S:lﬁn g j 1‘5“1) ‘3‘;‘1‘ ;(1)(7)
B RN L IR E VBB, F . SERTE N A o T 3031 6oz
(I RBBEAD D RIKL RO, B DRILE DT T T a5a 250
ZHOFEERIT 0~14.58% T, 4 [E 0Gy BRI X THIER 8 137 270 1081
DRAHERENPFELELTHBIENS, BiIROBEICLDZE 0 45 60.0 3.70
BONLPLLLELTZL D TR L ERBRENHHE 0.5 143 59.4 1.18
EZ2HTe, FROE RIERIIFRLUIEEZITV, bz s 1 136 33.8 2.17
2432, 6-25 0 2 141 440 1.6l
AWFEIL B AE T OB O Je i e g g Salmon 3 134 515 145
F- 75 k7 — DR SR R L CE ML, 4 136 | 478] 523
6 141 39.0 3.64

Reference 8 154 39.0 5.00

1) E. Yamaguchi et al., JAEA Takasaki Annu. Rep. 2014,
JAEA-Review 2015-022, 111 (2016).
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The Pyrimidine (6-4) Pyrimidone Photoproducts Cause

T to G Mutations in Arabidopsis

A. N. Sakamoto a), H. Yamaguchi ® and M. Teranishi®

Y Department of Radiation-Applied Biology Research, TARRI, QST,
® Graduate School of Life Sciences, Tohoku University

Unrepaired DNA damage poses a big obstacle in
maintaining genome integrity since it can jeopardize precise
DNA replication. The presence of pyrimidine dimers or
oxidative damage can affect the fidelity and activity of DNA

polymerases, which could cause mutations as a consequence.

To investigate the correlation between DNA damage and
mutations, we irradiated Arabidopsis plants with UV-B,
UV-C or gamma-rays and measured the induced DNA
damage as well as mutation frequency.

The Arabidopsis thaliana plants carrying UidA ;456.7 Were
grown on Murashige and Skoog agar plates at 23 °C under a
16-h light and 8-h dark cycle for 10-12 days. The
seedlings were irradiated with UV-B (CSL-30B, COSMO
BIO), UV-C (CSL-30C, COSMO BIO), or gamma-rays
(*®Co Gamma-ray Food Irradiation Facility, TARRI).
After a portion of plants was harvested
immediately to detect DNA damage.

irradiation,
The remaining plants
were grown for another 7-8 days, then harvested to detect
somatic mutations.

Cyclobutane pyrimidine dimer (CPD) and pyrimidine
(6-4) pyrimidone photoproduct [(6-4) PP] are detected by
enzyme-linked immunosorbent assay (ELISA) using
monoclonal antibodies against CPD and (6-4) PP. The
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a
Qo @
s & @ CPD-UVC
S 400 § 08 g OCPD-UVB
© A A g ASB-UVC
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/
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2 "
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Fig. 1 Induction of DNA damage in UV- or gamma-

irradiated plants. (A) Induction of cyclobutane
pyrimidine  dimer (CPD) and strand break.
(B) Induction of pyrimidine (6-4) pyrimidone

photoproduct [(6-4) PP].

numbers of single and double strand breaks are determined
by analyzing the migration of genomic DNA in the gel".

The UidA ;s56.r marker has a nonsense mutation in a
bacterial B-glucronidase gene driven by cauliflower mosaic
virus 35S promoter. The cells carrying a T-G reversion on
the marker are stained blue when the plant was soaked in the
substrate solution?.

As a result, we found that both 1,000 Jm? of UVC and
3,000 Jm? of UVB induced comparable amount of CPDs
and strand breaks (Fig. 1A). By contrast, (6-4) PPs were
more abundantly induced by 1,000 Jm? UVC than
3,000 Jm? of UVB (Fig. 1B). As for the frequency of
reversions in somatic cell, 1,000 Jm? of UVC induced more
mutations than 3,000 Jm™ of UVB (Fig. 2A).

Previously, we showed that 100 Gy of gamma-rays
induced ~0.7 of strand break per Mb", which is comparable
frequency induced by 1,000 Jm™ of UVC or 3,000 Jm™ of
UVB (data not shown). Here, however, even less dose
(500 Jm?) of UVC induced more mutations than 100 Gy of
gamma-rays (Fig. 2B). These results suggest that the (6-4)
PP is a major source of somatic reversions detected in the
UidA j6s6.1 Further analysis using
polymerase-deficient plants will elucidate the mechanism by

marker line.

which UV damage induces mutations in plant cells.

References

1) M. Teranishi et al., JAEA Takasaki Annu. Rep. 2013,
JAEA-Review 2014-050, 115 (2015).
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Fig. 2 Mutation frequency in UV- or gamma- irradiated
plants. (A) Mutation frequency in UVB- or
UVC-irradiated plants. (B) Mutation frequency in
gamma- or UVC-irradiated plants.
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Evaluation System of DNA Lesions Caused by Ion beam

Irradiation Using the Polymerase Chain Reaction

Y. Matuo?, Y. Izumi ¥, A. N. Sakamoto”, Y. Hase” and K. Shimizu®

) Research Institute of Nuclear Engineering, University of Fukui,
b Department of Radiation-Applied Biology Research, TARRI, QST,
2 Radioisotope Research Center, Osaka University

The ion beams have been extensively used as the
mutagen for developing new varieties of plants and
bacteria '’.  We have been studying ion-beam induced
mutations in budding yeast S288c (R4D"), as a model of the
cukaryote cell. In previous studies, the yeast cells were
irradiated with carbon ions (12C6+; 220 MeV, LET:
107 keV/um) and gamma-rays. The remarkable feature of
yeast mutations in URA3 gene induced by the carbon ions
was that the mutation sites were located at hotspot near the
linker regions of nucleosomes, whereas mutations induced
by gamma-ray irradiation were located uniformly through
the marker gene. In particular, hotspot existed in the
region of +90 -300 of the URA3 gene by high LET ion
beam?.
estimated by the quantitative polymerase chain reaction
(qQPCR) *. In this study, we tried to evaluate the amount
of DNA lesion caused by high LET ion beams in the URA3
gene.

Also, we demonstrated that radiation dose can be

The DNA fragments for ion beam irradiation were
prepared using conventional PCR (amplification of 804 base
pairs of URA3 gene). The amplified DNA fragments
dissolved in TE buffer (Tris-HCl 10 mM, EDTA 1 mM,
pH 7.4) were dropped on a sample plate and air dried.
The DNA sample was irradiated with carbon ions (LET:
107 keV/um) and neon ions (LET: 335 keV/um) with the
dose of 1-100 Gy at TIARA. For comparison purpose,
the DNA samples were also irradiated with helium ions
(LET: 2.2 keV/um) at HIMAC (National Institute of
Japan). Real-time PCR was
employed to amplify a 210-bp region of the URA3 gene
(position: +90 - 300) by using Real-Time PCR System (MJ
Mini, Bio-Rad). SYBR green (SIGMA) was used to
monitor the DNA amplification. The obtained data were
analyzed by the software “CFX Manager” (Bio-Rad) to
calculate the relative amount of DNA products in different

Radiological Sciences,

samples.

The ratio of replicable DNA decreased along with
increasing dose in all three types of ion beams (Fig. 1).
The effect on the reduction of replicable DNA was higher in
This suggested that
different types of lesions were produced per unit dose,
depending on the LET and fluence of ion beams. These
results suggest that this method can be used to evaluate the

the order of C ion, Ne ion and He ion.

biological effects caused by various types of radiation with
different LET.

XHe ion (LET:2.2keV/um)
©C ion (LET:107 keV/um)

100 #Ne ion (LET:335keV/um)
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Fig. 1 DNA deactivation rate by Real-Time PCR.
N=5.
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Lethal Effects of Gamma Rays and Carbon Ion Beam

Radiations in Bacillus subtilis

K. Satoh and Y. Oono

Department of Radiation-Applied Biology Research, TARRI, QST

Living organisms are continually exposed to
environmental factors such as ionizing radiation that could
induce damage to DNA. Ionizing radiation induces DNA
double-strand breaks (DSBs), which is a particularly serious
form of DNA damage and has an especially deleterious
effect on cells. The radiosensitivity of organisms varies
extensively depending on the species. lon beams have a
high linear energy transfer (LET, keV/um) and give DNA
damage containing DSBs locally (clustered damage) than
gamma rays do. In mammalian cells, plants and
Escherichia coli, the relative biological effectiveness (RBE)
depends on LET and exhibits the peak at a range of LET
from about 100 to 200 keV/um'™.

While Bacillus subtilis is known as Gram-positive,
rod-shape, aerobic, spore-forming bacterium that is naturally
found soil. The complete genome sequence of B. subtilis
has been first published as model microorganism of
Gram-positive in 1997%. 1In this study, we investigated
lethal effects and relationship between LET and RBE for
gamma rays and carbon ion beam radiations in B. subtilis.

B. subtilis strain RM125 cells were cultivated at 37 °C in
LB broth-Lennox with agitation to early stationary phase.
Cells were harvested and washed in 10 mM sodium
phosphate buffer (pH 7.0, PB). Cells were resuspended in
PB containing protective agents. Aliquots (0.1 mL) of the
cell suspensions were adhered onto cellulose membrane,
frozen at — 80
Freeze-dried cells were irradiated with carbon ion beam
(>C** [220 MeV; 121.8 keV/um]) accelerated by an AVF
cyclotron at TIARA or with ®°Co gamma rays (0.2 keV/pum)
at Food Irradiation Facility, TARRI, QST. The irradiation
dose ranged from 0.1 to 1.0 kGy.
harvested, diluted appropriately with the PB, spread onto LB

°C for 60 min and dried in vacuo.

Irradiated cells were

agar-Lennox, and incubated at 37 °C for 1 day prior to the
The surviving fraction was
determined by calculating the number of surviving colonies
The
survival data were fitted to the single-hit multi-target
RBE was calculated from the equation:
RBE = Dy of gamma rays (Gy)/ Dy, of carbon ion
beam (Gy), where Dy, is the dose quantity necessary for
decreasing the survival fraction to 10%.

enumeration of colonies.
divided by the total number of viable colonies.

survival model.

To determine the cell condition for ion beam irradiation,
the sensitivities for gamma rays were compared between the
freeze-dried and wet cells. The freeze-dried cells exhibited
a higher resistance to gamma-irradiation than the wet cells
(Fig. 1), indicating that the effect of water radiolysis was
relieved under the freeze-dried condition. From this result,
the freeze-dried cells were used for ion beam irradiation.

sensitivities to both
The high LET
carbon ion beam-irradiated cells exhibited a much higher

Freeze-dried cells exhibited

radiations depending on radiation dose.

sensitivity than that of the low LET gamma-irradiated cells
(Fig. 1). The Dy, values of carbon ion beam and gamma
rays radiation were 0.11 and 0.74 kGy, respectively. RBE
value was 6.65. These results suggest that carbon ion
beams had the lethal effect on B. subtilis cells than the
gamma rays. And like other organisms, B. subtilis will

show the dependence of LET on RBE.

In further analysis, we will investigate LET-dependent
biological effects (lethality and mutagenicity) in B. subtilis
by irradiation with five kinds of ion beam (*He*" [50 MeV;
19.4 keV/um], 2C>, 2C*" [320 MeV; 86.2 keV/um], *’Ne®*
and YA

[350 MeV; 440.8 keV/um]
1,649.6 keV/um]).

[460 MeV;
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Fig. 1 Survival curves to gamma rays and carbon ion

beam radiations. Symbols: closed squares, gamma
rays (wet cells); open squares, gamma rays (freeze-dried
cells); open circles, carbon ion beams.
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2-28 Exploration of Sinorhizobium Mutants Showing High Salt

Tolerant Using the Ion Beam Mutation Breeding

Y. Maruyama®, K. Takeda ™, N. Tomooka?, K. Satoh?, Y. Oono® and T. Yokoyama®

% Graduate school of Agriculture, Tokyo University of Agriculture and Technology,
®) Faculty of Agriculture, Tokyo University of Agriculture and Technology,
®) Genetic Resources Center, National Agriculture and Food Research Organization,
d)Department of Radiation-Applied Biology Research, TARRI, QST,
® Institute of Agriculture, Tokyo University of Agriculture and Technology

Vigna marina is one of wild legumes, which called as Hamaazuki, are distributed at the vicinity of the coast from tropical
to sub-tropical regions and have high salt tolerance among terrestrial plants. For example, Vigna marina can grow at
400 mM NacCl condition. Furthermore, the root nodules on Vigna marina have a symbiotic relationship with rhizobia that
related to the genus Sinorhizobium having high stress tolerance (500 mM NaCl, 45 °C, pH 10.5). Above both symbiotic
partners showed extremely high salt tolerance, however, Vigna marina cannot develop root nodules with Sinorhizobium at
over 80 mM NaCl conditions. To improve symbiotic performance of Vigna marina with Sinorhizobium under high salt
conditions, Sinorhizobium bacterial cells were irradiated by carbon ion-beam at TIARA, QST. The optimum irradiation
dose of carbon ion beam to obtain survival ratio at 0.01% in Sinorhizobium cells was the range from 300 to 400 Gy. So far,

we could obtain promising mutants having high NaCl tolerant which can survive at 7.5% NaCl concentration.

At next step,

we will confirm if such strains show good symbiotic performance with Vigna marina under high salt conditions, or not.

FLT=BIE, PR IR OO B VU 8 S OUE IS A LD
~ 7 A% (Vigna marina) 755, BEAEREY) D H T @V O M
(400 mM NaCl iittE) ZHp>2 & -, FORBITIT 3.5%
NaCl, pH 10.5, IR 45 °C LW\ E AL AT T & TE
AHEZR Sinorhizobium JEARRIENILEL THNDZ L% R
L7=Y, LasL. Sinorhizobium JBIRIE 2 YR AF1E T CHEE
T o5& ARKIZTER T DK NaCl #EE X 80 mM THY,
T OB CEBE T REITH I TETp3, IETE T M X
DOFI 6% FETIK F LT /N~ T A% Sinorhizobium JEBARKL
HEIE, ENENDEN T Z AL QD8 TR
AR IR E TR WS RS LR N2 N> TE T,
HANC I DRI R~ AR SRR O EAER T
HEUDT0 ., F5ED O ARSI E 5 X D0 E 0D
BN, B T~ T XX OO H FZ BN R A HET,
HAEMTORFEILNTERNZD A4 E— D5 F
ZERE BB AR A LTz Sinorhizobium JEARRLE D
A B DS BIZED, N~ T AL Sinorhizobium JERL
FDOIAEFRFD NaCl R EZ FDDLIEN ATRED TR~ T
Do AL, TR MEA R L LT B RPN AETTHROIL
HEE21T-77,

Sinorhizobium JBARKIE (2010 4F, FAPEGE S HHELVE
HE) W3 DA A B — A T L M 22 R 28 R g
OIS TR THIO CTTHY, &6 &7 5 FH A FE A
TIARA I3\ T REAA LB —A (12C, 220 MeV) 5B
FL (100, 200, 300, 400 J T 500 Gy) . Ff &R & &
Sinorhizobium JEARRLE D EFRE O BR AT, #EY) 72 R
SR EAE LT, BE%BOEKRICOWTIL, BB
DIMHETEZEFED WD DT NaCl 25 Te[E R (3, 3.5,
4,4.5 KON 5%) IZHIRA T T L, = OEIERE I & D5
Lz, B7eD NaCl B E ORE#R (0, 6, 8, 10, 12, 15%) H
THE L., MR LT, Z Ok B, HEO TR
\CERNAECHZEEWIFFLIZ NaCl & F LR To
FEFRBR T, AN AE T T5 4% NaCl R Cliian
=— ARSI, UL, ZLLED NaCl RET
1, ar=—0 Rk RH10T, NaCl % & 7z E ik

S C&EenoT, £ZC, BAMKD NaCl IR FCTo4E
TFREICE AL, JVE NaCl 28 Tl ik ¢ A 7%
PR EUTR O AT~ T, EORER, BAKIVE
W NaCHAT T CABMER R Eo72 5 DD BB EIE T
7z, TNBITEARRE Rl —0 16s-rRNA BLFEA L TRY,
AFE — MU TCA U BB ELE 2 b, THE R
¥RDHH No.7 #R& No.45 BRIZEIL T, NaCl J2EE A 7.5%IC
BIFBERRBROR R% Fig. 1 (RLTz, BAER (Irio) 1%
9 HT 10’ cfw/mL £THEAEHSLZ23, No.7 =2 No.45 1%
10° cfu/mL FTEEEBSTETIC 18 Havot-, F-8
ERRIT 21 B BITIEFEIRL 7203, B RERITAEEN R X
7o ZDOZEMND, No.7 #kE No.45 BRI NaCl B & ¢
AR TELMENOERNEL LN HEESN, 514,
ZIDHERRIZBEL TORFMFMA1T) T & Th D,
1E+09
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Fig. 1
Irio; wild type strain, 7 and 45; mutant strains.

Living cell number under 7.5% NaCl concentration.
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Functional Analysis of pprA4 and pprI Genes That Are

Involved in Radiation/Desiccation Response in the
Radioresistant Bacterium Deinococcus grandis

K. Kurosawa®, K. Omoso ?, H. Takeshima®, K. Satoh®, Y. Oono® and 1. Narumi

1 a)ab)

% Graduate School of Life Sciences, Toyo University, b) Department of Life Sciences, Faculty of Life
Sciences, Toyo University, © Department of Radiation-Applied Biology Research, TARRI, QST

Although the radioresistance of organisms varies greatly
among species, there is a group of bacteria that shows
extraordinary resistance to ionizing radiation. Members of
the genus Deinococcus are the best known as radioresistant
bacteria.  Radioresistance in Deinococcus species is
attributed to their highly proficient DNA repair capacity, in
which a set of proteins involved in DNA repair is induced
following exposure to ionizing radiation". In the previous
studies using Deinococcus radiodurans, DNA repair-related
proteins unique to Deinococcus species such as PprA
(pleiotropic protein promoting DNA repair) and Pprl
(inducer of PprA) have been discovered. Another
regulatory protein DdrO binds to a DNA motif, designated
as the radiation/desiccation response motif (RDRM), that
exists upstream of a set of radiation-inducible genes (RDR
regulon) such as ppr4 gene. Following DNA damage, the
metalloprotease activity of Pprl cleaves DdrO, resulting in
induction of the RDR regulon?.

Recently, we published the draft genome sequence of
Deinococcus grandis, which was initially isolated as a
Gram-negative, red-pigmented, radioresistant, rod-shaped
bacterium from freshwater fish in Japan®. The genome
analysis revealed that D. grandis possessed RDR regulon as
In this study, to delineate the
function of PprA and Pprl in radiation-induced DNA repair,
we generated pprA and pprl deletion strains (ApprA and
Apprl) of D. grandis and investigated survivals of the
deletion strains and wild type strains following exposure to
gamma-rays.

ApprA and Apprl strains were generated by replacement
the gene with an Escherichia coli antibiotic resistance gene
that is controlled by the D. radiodurans catalase promoter.
A DNA region upstream of the promoter of the target gene
and another DNA region downstream of the target gene
were amplified by PCR, and the former and the latter were
located upstream of and downstream of the antibiotic
resistance gene respectively by ligating the three DNA
fragments into an E. coli plasmid vector pUC19. The
resultant plasmid was used as the template to yield PCR
product containing the inserted DNA fragment, and D.
grandis wild type strain was transformed with the PCR
product to obtain hygromycin resistant clones.  Since
Deinococcus species possess polyploid genome, complete
deletion was confirmed by diagnostic PCR analysis using a
set of specific oligonucleotide primers for the target gene.

For measurement of the sensitivity to gamma rays, D.
grandis cells were incubated at 30 °C for 24 h in TGY

shown in D. radiodurans.

(0.5% Bacto tryptone, 0.3% Bacto yeast extract, 0.1%
glucose) broth. Cells were harvested, washed and
resuspended in 10 mM sodium phosphate buffer (pH 7.0,
PB).
dispensed into test tubes and irradiated at room temperature
with ®’Co gamma rays at Food Irradiation Facility, TARRI,
QST. The irradiation dose ranged from 0.5 to 6 kGy.
After the treatments, cells were diluted appropriately with
10 mM PB, spread onto TGY agar, and incubated at 30 °C
for 1 or 2 days prior to the enumeration of colonies.

We successfully generated complete deletion strains for
These deletion strains

Aliquots (0.1 mL) of the cell suspension were

the D. grandis pprA and pprl genes.
exhibited extreme sensitivity to gamma-rays compare to the
wild-type strain (Fig. 1). The D. grandis pprA deletion
strain showed much higher sensitivity to gamma rays
compared to the D. radiodurans pprA disruptant strain®
(Fig. 1). On the other hand, the sensitivity of the D.
grandis pprl deletion strain was comparable to that of D.
radiodurans pprl deletion strain® (Fig. 1). The fact that
the loss of pprd severely affected cell survival highlighted

the functional importance of PprA protein in D. grandis.
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c 107" 10-1
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g
- -2 -2
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% @ Drad pprA428::cat @ Dgra ApprA
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Fig. 1 Sensitivity of wild type (WT), pprd-deficient, and
ppri-deficient strains of D. radiodurans (Drad; left
panel) and D. grandis (Dgra; right panel) to

gamma-rays.
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Genome Sequence Analysis of High Ethyl Caproate

Producing Sake Yeasts Generated by lon Beam Breeding
-the Third Report-

T. Masubuchi a), M. Takahashib’c), H. Hayasi b), Y. Ikenagab), K. Satoh® and Y. Oono®

% Gunma Industrial Technology Center, ” Maebashi Institute of Technology,
“ Department of Radiation-Applied Biology Research, TARRI, QST

We conducted the gene function analysis of the high ethyl caproate producing sake yeast mutant (No.227) generated
by ion beam breeding in order to develop a new method for sake yeast screening and find factors contributing the reduced

ability to alcohol fermentation.

The genome sequences of the No0.227 and Kyokai 901 (its parental strain) were

determined by a whole-genome shotgun strategy using pyrosequencing method. Consequently, the No.227 carried

mutations in the MRCI, SWI1, ZDS2 and RDS2 genes.
be attributed to the low alcohol fermentation ability.

BB IRk, AV TV O EE BB 2B 95
7912, B R IE FRFZEAT O TIARA (BT, 12C5
e — (220 MeV) Z VW2 22K S BB RRIC L~ T 85
727205 B IS ERE R OB R 2T T2, ZRETIZ, 1S
B DF KR D THII S ar T Ve A FES
HIE LIS EE R (N0.227) DB IIL =Y, LasL7as
O, A7 BT VS EFERERNT, TV — LV IEEEREN
B T22E083HD, DI, 28Rk B - FEAEFT 1%
% Kipds ERRE 2 ML L R DR T2 Rt d5—
R EipoTND, AREFFRIL, A4 E— LR EIRERIC
KOELNTTEBERERE L OZF OB D425 /2 DNA Hitk
BB & fiEme L, Ll ) MR 2ATHZ LT, BEREEREE D A
NI — Ve A ER AR AR AR I B 5 BB TR
ERPETHZEHMEL T ToT,

AA L —LERBFHICIOEH L8 B IE R R
No.227, KO DBUE THAIEEREREX 25721901 5 (L
% ky901) % YPD E5Hi CHES# 1%, YeaStar Genomic DNA
Kit(ZYMO RESEARCH #:) % O% Gen &5< A (BEREA)
High Recovery Kit(Takara Bio ft) Z I\ C5 /.4 DNA %
HHIL7-, DNA O E Ll 2 #381% ., Roche £LD GS
Tunior AT LEHW MOy — I T ABEIZED RS
2 DNA OHILE SN Z R TE LT, 50N HELYIL, GS
de novo Assembler ver.3 Y7 I =T IZL0Y ) LFERES A
177z, 51T, GS Reference Mapper ver.3 Y7 U7 %
VT, ky901 @ DNA HE il 5%V~ 7L 2 AL L C, DNA
LB O el A4 T o 72,

) LFREEOFE R, ky901 KON No.227 1X, ThEh
193 } (X 182 f# D Large Contig (>500 bp) 5547, 155
7z Contig 23812, [ENL B T-AFFEAT AR 24D
DT ) MERIZEESGBIE T HE K ORRE T 1T A
MiGAP % VT, ky901 J Y No227 Ol fm1-BlF T %
1ToT, TOFER, ky9o01 K TN No227 DiEfs1-4kid. £
5,390 KN 5386 fH CTHoT=, HESND BB THIZ
KERFIREIZ RO -T2, 512, K901 #2771 A
BLFIE LT, No227 @ DNA LB E D e 1T 722
A, No227 \ZF A OFRERE 679 IETHHLE, Zhbo
FHIE R DN, 287 AT 174 B DE L R Eaea— N3 51k
RIS AFTEL TV,

No227 DA THHE SO FIIL, 7 LR R Fl
FRUCE G- T DB SN DB T LS, FFIT. S

It was suggested that these mutations genes in the No0.227 might

WMOF 2w/ RA N8B 2 ' Eha—R$ 5 MRCI
KO SWII B TITHERSHDHZEE R L7z (Table 1),
INBDBIGFICERNECTZZEIZED, FoyIRA b
FEREIC B E AL, BEAR RRPA B BEAEZIL QDD
TIFARINEHELZ LT, DI, BERTAE OB 5954
VRVEHRA—R95 RDS2 BIGTICHE RN FERSNT
Y (Table 1), FVaA—R&EEGRTHIoDIT, =X/ — /L)
HHELZVFIHIN TODARESED B 2 bz, ZThHDE
BT REDGEIRIERIZ LT, 7 a— VRO TIC
RS> TNDDTIIRWNEE Z BT, LL, T/ha—
NVEFERER T ICBRDE BN AN =X AIRTZARHT
HD1D | S B O BENEN BLETHD,

Reference
1) T. Masubuchi et al., JAEA Takasaki Annu. Rep. 2010,
JAEA-Review 2011-043, 113 (2012).

Table 1
alcohol fermentation ability.

Sequence comparison of genes concerning in the

Gene Position Ky901 No.227
MRCI1
Base 2,226 T C
Amino acid 742 I v
SWII
Base 1,063 A C
Amino acid 355 K Q
ZDS?2
Base 412 G A
Amino acid 138 \% |
Base 739 A G
Amino acid 247 N D
RDS2
Base 288 A G
Amino acid 96 T T
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®) Department of Radiation-Applied Biology Research, TARRI, QST

Introduction

Microalgae are expected to be excellent producers of a
renewable energy resource that does not compete with the
current agricultural properties. =~ We have developed
strategies for lipid production using an oleaginous green
microalga Chlamydomonas sp. JSC4 isolated from the
Taiwanese sea coast''?. We previously found that JSC4
accumulates lipid in the presence of sea salt (SS), but also
easily infected opportunistically by a  parasitic
Chytridiomycota under salinity stress when cultivated
outdoor. To solve this problem, this study aims to obtain
salt-resistant strains by mutation breeding using the carbon
ion beams and habituation to the high-salinity condition.

Experimental

The carbon ion beams ('2C**, 220 MeV) were accelerated
by an AVF cyclotron at TIARA, QST. JSC4 cells were
irradiated with 50 Gy of the carbon ion beams, and then
screened and habituated by culturing in the medium
containing 5% and 7% of SS. Screened cell population
was again irradiated with 100 Gy of the carbon ion beams,
followed by cultivation under 7% SS for dozens of weeks.

Results and Discussion

Wild type JSC4 cells can grow under 3% SS but not
under 7% SS. We bred a salt-resistant strain (KHI) from
JSC4 by irradiating it with the carbon ion beams and
habituating to salinity environment. Cell growth of the
strain gradually increased with the passage of cultivation
time under 7% SS (Fig. 1). Obtained KHI cells after
cultivation of 25 weeks could grow well even under 7% of
SS.  When cultured in the medium containing SS, JSC4
cells aggregated (3% SS) or formed large cell bodies (7%
SS) by salinity stress (Fig. 2). On the other hand, KHI cells
did not aggregate and looked healthly even when cultured in
the presence of 7% SS. These results suggests that the KHI
possesses strong resistance toward salinity stress.

Since KHI cells are salt-resistant, it is also expected that
it is also resistant to opportunistic infection of
Chytridiomycota under salinity stress. In addition,
salt-resistance would be valuable when culturing this strain
using sea water, thus the KHI strain is promising as a
producer of biodiesel.

References
1) S.-H. Ho et al., Biotechnol. Biofuels, 7, 97 (2014).
2) S.-H. Ho et al., Biotechnol. Biofuels, 8, 48 (2015).

Wild type
=5 weeks
s L =] ] weeks
15 weeks /
20 weeks :

) 5 weeks

ODsp

0 L L L
0 2 4 6
Cultivation time (days)

Fig. 1 Screening and habituation to generate salt-resistant
strains. JSC4 cells were irradiated with the carbon ion
beams and then continuously cultured in the medium
containing 7% SS.  Growth of the irradiated cells under
7% SS were measured every week.
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Fig. 2 Morphologies of KHI cells under different
concentrations of SS. JSC4 and KHI cells were
cultured in the medium containing 0, 3, or 7% of SS.
Shown are the cells at Day 3. Bars indicate 10 pm.
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Noninvasive Analysis of the Effect of GSH and DTT on

Cadmium Translocation in Oilseed Rape Using PETIS

S. Ishii a), S. Nakamura b), N. Suzui a), Y.-G. Yin® and N. Kawachi®

2 Department of Radiation-Applied Biology Research, TARRI, QST,
b) Department of Biological Production Faculty of Bioresource Sciences, Akita Prefectural University

Cadmium (Cd) is a heavy metal which is toxic to the
human body. Therefore, it is important to suppress the
absorption of Cd by crops. To establish effective
cultivation methods for producing safe agricultural products,
it is necessary to understand Cd behavior in plants. In a
previous study, we observed that the application of
glutathione (GSH) to roots activated Cd efflux from root
cells and inhibited Cd transport from roots to shoots in
oilseed rape . In the present study, we investigated
noninvasively the effects of GSH and dithiothreitol (DTT),
along with an SH group, on Cd behavior in oilseed rape
plants using positron-emitting tracer imaging
(PETIS) and '’Cd.

Oilseed rape plants were grown hydroponically under the
controlled condition for 2 weeks. '°’Cd (half-life of 6.5 h),
produced and purified following the methods described by
Fujimaki et al. (2010), was used as a positron-emitting
radiotracer”. Approximately 16 MBq of '*’Cd dissolved in
an appropriate volume of 0.5 mM CaCl, and 10 pM
non-radioactive CdCl, with 1 mM GSH or 1 mM DTT was
prepared for each test plant. We attempted to visualize the
behavior of Cd in GSH- and DTT-treated plants using a
PETIS. Plants were set in a syringe as shown in Fig. 1A
and PETIS images were obtained for 36 h.

Serial PETIS images are presented in Fig. 1B. In GSH-
and DTT-treated plants, '°’Cd signals in the shoot remained
weak compared to those in control plants (Fig. 1B).
In control plants, strong '”’Cd signals appeared at the shoot
base and node where the petiole appeared (Fig. 1B).
Figure 2A shows the regions of interest (ROI) that were
analyzed. Time courses of '"’Cd intensities per unit area
(time activity curve; TAC) were generated from the shoot
base, node, upper root, and lower root (Fig. 2A). The
upper root indicates roots that were not submerged in the
hydroponic solution, whereas the lower root indicates roots
immersed in the hydroponic solution. In the TAC from the
shoot base, '”’Cd signals increased gradually in all plants up
to approximately 10 h (Fig. 2B). Following this, '“’Cd
signals in the shoot base of control plants increased more
sharply than those in GSH- and DTT-treated plants. In the
TAC from the node, '’Cd signals in control plants increased

system

sharply after approximately 16 h of '”’Cd exposure (Fig. 2C).

In the TAC from the upper root, there were major
differences in '"’Cd accumulation signals between control
plants and GSH- and DTT-treated plants (Fig. 2D).
Cd accumulation was almost one third lower in treated
plants than in the control. On the other hand, in the TAC
from the lower root, there were little differences in the

accumulation of '"’Cd signals between control plants and
GSH- and DTT-treated plants (Fig. 2E).

PETIS enabled the visualization of Cd behavior in GSH-
and DTT-treated plants (Fig. 2B). In addition, we observed
the inhibitory effects of GSH and DTT on Cd translocation
from roots to shoots (Figs. 2B, 2B, and 2C).

Analysis of these images gave us close to elucidate the
molecular mechanisms which are operating in GSH- and
DTT- treated plants.

References
1) S.Nakamura et al., J. Exp. Bot., 64, 1073-81 (2013).
2) S. Fujimaki ef al., Plant Physiol., 152, 1796-806 (2010).

3.0 hour 6.0 hour 9.0 hour 12.0 hour 15.0 hour 18.0 hour

AT T TN

24.0 hour

21.0 hour 27.0 hour 30.0 hour 33.0 hour

Loyl g &w&sa&s%s%

Control GSH DTT

Fig. 1
plants.
experiment, B: time series of PETIS images showing
the '’Cd signal (0-36 h) after decay correction.

PETIS imaging of Cd behavior in oilseed rape
A: field of view of a representative PETIS
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Fig. 2 Time-course analyses of Cd behavior in the node
and shoot base. A, regions of interest (ROIs) for
time-course analyses. Time activity curves of '"’Cd
signal in ROI in the shoot base (B), node (C), upper root
(D), and lower root (E). Each graph indicates the
intensity of '9’Cd signal after decay correction.
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Investigation on a Detection Method Using Secondary

Electron Bremsstrahlung for a Gas Region Intersecting a
Therapeutic Carbon Beam via Monte Carlo Simulations
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Noninvasive beam monitoring is required to allow for
precise dosage control in particle beam therapies. If an
unexpected gas region appears across the trajectory of a
beam, the Bragg peak shifts to an undesirable position.
Such shifts may occur in prostate-cancer therapies, since the
beams for these therapies sometimes intersect the intestine,
where gas regions may move to cross the beams. Our
group already proposed the use of secondary electron
bremsstrahlung (SEB) to monitor the positions of Bragg
peaks". In this work, we investigated the feasibility of
utilization of SEB for the detection of a gas region placed
across a beam trajectory using Monte Carlo simulations.

Simulations were performed on a supercomputer at
JAEA using the Particle and Heavy lon Transport code
System (PHITS). A geometrical setup of the simulation is
shown in Fig. 1. The setup had an axial symmetry to a '>C
beam with an infinitesimal diameter and injection energy of
290 MeV/u. The beam was injected into a target consisting
of two 50-mm-thick acrylic blocks separated by a 10-mm
gap. A detection system consisted of boron polyethylene
blocks, a cadmium telluride (CdTe) semiconductor detector,
and lead blocks composing a 2.4-mm-wide slit. The CdTe
detector was placed behind the slit. The FWHM of the
position resolution of this detection system was 10.6 mm
along the beam axis. The center of the slit was moved in
twelve positions spaced at 2 mm intervals along the beam
axis together with the CdTe detector and the boron
polyethylene blocks. The center of the 10-mm gap was
chosen as the origin of a coordinate along the beam axis, and
the direction of movement of the '*C ions was chosen as the
positive of the coordinate. At each slit position, the
distribution of the energy deposition in the CdTe region was
recorded during irradiation by the '>C-beam. The number
of incident '2C ions was about 1-2x 107 for each position.
We also performed the same simulation without SEB
generation, in order to evaluate the effect of SEB generation
on the energy deposition.

Figure 2 presents the simulation result of the yield having
the energy deposition of 63-68 keV in the CdTe detector.
It was found that, at each slit position, the SEB component
(i.e., the difference between the results with and without
SEB generation) was 40-60% of the total yield. Moreover,
it was found that the result with SEB has clear dependence

on slit position, with a minimum at the 0-mm position, while
the result without SEB has no dependence on slit position.
The experimental result of the yield was also overlaid
in Fig. 2. The simulation with SEB reproduced the
experimental results well.

These results suggest that SEB may have potential for
use in detecting the presence of gas regions intersecting a
beam trajectory.

Reference
1) M. Yamaguchi et al., Phys. Med. Biol.,
(2012). (Corrigendum: 61, 3638-44 (2016)).
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Fig. 1 Geometrical setup for the Monte Carlo simulation.

The materials surrounded by the red dashed line were
moved to twelve positions along the beam axis.
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Fig. 2 Simulation results for the yield of 63-68 keV counts
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SEB generation, respectively. The experimental result
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represent the positions of the lower and upper edges of
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Development of Cherenkov Light Imaging System for

Study of Radiocesium Dynamics in Plants
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After the accident at the Fukushima Daiichi Nuclear
Power Station in March of 2011, large areas of agricultural
fields in
radiocesium (Cs-137).
of radiocesium distribution are required in order to facilitate

northern Japan were contaminated with

As a result, high-resolution images
the study of cesium kinetics in plants. However, it is
difficult to achieve the desired image resolution for Cs-137
(which produces 662 keV gamma photons) using a gamma
camera method, as high-energy gamma photons will
penetrate the pinhole collimator. Furthermore, the spatial
resolution of the camera is usually greater than several tens
of millimeters at a distance of 300 mm from the detector".

Through Cherenkov light imaging, we can visualize fine
distributions of radionuclides that emit beta particles by
using an optical camera”. We have used this method to
develop an imaging system that allows us to study
radiocesium movement in live plants.

Our system comprised a high-sensitivity, cooled, charge
coupled device (CCD) camera (Hamamatsu Photonics,
ORCAZ2-ER) and a bright lens (Xenon, F-number: 0.95, lens
diameter: 25 mm) placed in a black box. To evaluate the
linearity of this system, an imaging test was performed with
several Cs-137 point sources (with radioactivities of 10, 20,

50, 100, 200, 500, 1,000, and 2,000 kBq) and an acquisition
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Fig. 1 Results of a performance test to evaluate the

linearity of the Cherenkov light imaging system for a
Cs-137 source. The data show linearity based on a
correlation of 7*=0.9987 between the activity of the
point source and the image intensity.

time of 600 s.
using the Cherenkov light system, are plotted against the
The data indicate that the
system maintains linearity between the image intensity and

Image data in counts per second, acquired
point source activity in Fig. 1.

the radioactivity of Cs-137, over an activity range on the
order of 10°. To demonstrate the use of this system for
radiocesium detection in plants, an imaging experiment was
First, the
root of a 13-day-old soybean was dipped into 17 mL of a
solution containing 10 MBq of Cs-137, with no potassium.
After one day, the solution was replaced with a potassium
Figure 2 shows the Cs-137
These high-resolution

performed with a live soybean plant over 7 days.

solution with no Cs-137.
distribution in the soybean plant.
serial images indicate that Cs-137 was transported into the
shoot and accumulated at the node. The results of the two
experiments described above lead us to conclude that
Cherenkov light imaging may be a promising method for

studying the kinetics of radiocesium in live plants.

References

1) N. Kawachi et al., J. Environ. Radioact., 151, 461-67
(2016).

2) S. Yamamoto et al., Nucl. Instrum. Meth. Phys. Res. A,
777, 102 (2015).
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Fig. 2 Images of Cs-137 dynamics in a live soybean plant
after feeding Cs-137 into the hydroponic culture.
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A Method to Quantitative Visualization of Root Secretion

by Using "CO, and a Positron-emitting
Tracer Imaging System

Y.-G. Yin, N. Suzui, S. Ishii, K. Kurita and N. Kawachi

Department of Radiation-Applied Biology Research, TARRI, QST

Organic substances secreted from root of plant play an
important role in the development of microbial communities
of rhizosphere and the solubilization of insoluble nutrients in
soil. It is considered that the photoassimilates from leaf are
provided properly to various physiological demands such as
the elongation of the roots, the absorption of ions requiring
energy and the secretion of organic substances. We
hypothesized that proportions of secreted carbon to the total
assimilated carbon should be different among various
positions in the root. Previously, we established a new
method which can visualize a process of translocation of
photoassimilates from the leaf to the root and secretion of
organic substances from the root to the soil by using ''CO,
and positron-emitting tracer imaging system (PETIS) .
In this study, we developed an additional method which can
extract the organic substances in rhizosphere after PETIS
experiment for chemical analysis.

Soybean (Glycine max [L.] Merr. cv. Jack) seeds were
sown on a vermiculite bed and then incubated in a growth
chamber with day/night temperatures of 26/20 °C (12/12 h).
One week after sowing, the seedlings were transferred to
plastic containers with 6 L of nutrient solution for 18 days.
The root of plant was placed in two opposite box, a rhizobox,
and was sandwiched for 10 days. In order to extract the
organic substances, the rhizobox was made up of a pair of
plastic box which filled up 250 mL of the nutrient solution
containing 2% agar with or without carbon beads
(20/30 mesh) instead of soil.

We performed imaging experiment of PETIS using
five-week-old plants. The aerial part of plant was fed with
200 MBq of ''CO, that was produced by cyclotron at

Takasaki Ion Accelerators for Advanced Radiation
Application (TIARA) and the imaging was started
Setting up
PETIS
root root secretion
70 min 70 min

30 min 50 min
1 :

\

Rhizobox

The rhizobox
filled up the nutrient solution containing 2% agar
without carbon beads.

Fig. 1 Image data of PETIS experiment.

immediately. After checking an enough accumulation of
the ''C-photoassimilates in the root tips (approximately
70 min after the feeding of ''CO,), we removed the plant
from rhizobox and visualized the ''C-organic substances
secreted to the rhizobox.

Figures 1 and 2 show the imaging results using the
rhizobox without or with carbon beads, respectively.
Both results indicated that the ''C-photoassimilates from
leaves arrived at the root base at 30 min after the feeding
of ''CO,, and then were gradually accumulated to the root
tips from 50 min to 70 min. The images of ''C-organic
substances in rhizobox indicated the different pattern in the
rhizobox with or without carbon beads. In the rhizobox
without carbon beads (Fig. 1), the distribution of ''C-organic
substances was different from that of ''C-photoassimilates
in the root. In contrast, in the rhizobox with carbon beads
(Fig. 2) the distribution of ''C-organic substances was
similar with that of ''C-photoassimilates in the root and the
intensity was gradually weakened from the center to the
outside in the rhizobox.  This result indicated that
the ''C-organic substances were secreted intensively from
main roots. Total intensity of ''C-organic substances of
rhizobox with carbon beads is higher than that without
carbon beads about 3.7 fold.

These results demonstrated that the rhizobox containing
carbon beads is suitable for the quantitative visualization
of '""C-organic substances in the rhizobox. This new
method enables the chemical analysis of organic substances
after PETIS experiment.

Reference
1) Y.-G. Yin et al., JAEA Takasaki Annu. Rep. 2011,
JAEA-Review 2012-046, 92 (2013).
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Fig. 2 Image data of PETIS experiment.
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Introduction

Copper is an essential micronutrient in mammals, and has
various radioisotopes under investigation for applications in
). Among them Copper-64 (**Cu) is an
attractive radionuclide for positron emission tomography
(PET) imaging due to its appropriate half-life (12.7 h) and
decay characteristics (B*, 19%). Design and application of
bi-functional chelates such as **Cu-labeled peptides® and
antibodies have been extensively investigated for cancer
imaging.

We proposed a new approach to simplified method for
PET imaging of cancer using **Cu ions without any labeling
process. In this study the usefulness of **Cu ions as a PET
imaging agent was evaluated.

nuclear medicine!

Experimental

Production of *Cu: Using the AVF cyclotron of TIARA,
no-carrier-added **Cu was produced by the nuclear reaction
of ®Ni(p,n)*Cu at high specific activity. An isotopically
enriched *NiO (99.4%) target was irradiated with 11 MeV
proton beam at a beam current of 5 pA. The chemical
separation of **Cu from ®Ni target was carried out by the
chelating ion-exchange method . The ®CuCl, was
obtained in ultrapure water as the final form.

Cellular uptake: Various cancer cells routinely cultured
were each incubated with 40 kBq of *CuCl, in the medium at
37 °C for 1 h. After incubation the cells were thoroughly
washed with phosphate buffered saline (PBS) and their
radioactivity was measured by a well-type y-counter.

PET imaging and biodistribution: Cancer-bearing mice
were prepared by subcutaneous injection of the cancer cells.
The mice were subjected to a small-animal PET imaging at
different time points from 1 to 24 h postintravenous
injection (p.i.) with the solution of 10 MBq **CuCl, in PBS.

4 h

Fig. 1

Static PET scans were acquired for 10 min at 1, 4, 8 h p.i.
and for 30 min at 24 h p.i. For biodistribution study, at 0.5,
1, 4, 8 and 24 h p.i. with 200 kBq of **CuCl,, the mice were
sacrificed and their organs were removed. The organs
were weighed and their radioactivities were measured.

Results and Discussion

The specific cellular uptake of **Cu ions was observed in
the several kinds of cancer, such as human glioblastoma
(U-87MGQG), human colon adenocarcinoma (LS 180), and
human cholangiocarcinoma (HuCCT1).

Figure 1 shows the representative PET images of mice
bearing U-87MG, LS 180 and HuCCT1 at 1, 4, 8, and 24 h
p-i. It was demonstrated that the cancer was successfully
visualized on the PET images due to quite high uptake of
%Cu in the cancer tissue, especially in U-87MG. High
uptake of **Cu was also observed in the liver which is the
major organ for copper metabolism. The results of
biodistribution as well as PET imaging showed that **Cu
uptake in the liver was gradually reduced with progression
of time, whereas accumulation of ®*Cu in the cancer was
increased.

It was confirmed that “‘Cu ions were useful for PET
imaging of cancer without any labeling process.
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Introduction

Astatine-211 (T,,=7.214 h) is a promising radionuclide
therapy, because it emits
a-particles (mean energy: 6.79 MeV, range in soft tissue:
55-70 pm) suitable for treatment of small metastases or
residual disease. In addition, the mean linear energy
transfer (LET) 97 keV/um, is 400 times higher than that of
practical beta emitter, *°Y.

Astatine-211 was generated by the **Bi (a, 2n) 2''At
reaction with alpha-beam (incident energy: 28.1 MeV)
accelerated by the TIARA-AVF Cyclotron using bismuth
sheet for target (Fig. 1(a)). At least 20 pA of beam
intensity will be required for large-scale production of
However, melting of

for targeted radionuclide

At-211 in future clinical applications.
the bismuth target was observed by irradiation of 3.5 pA of
alpha-beam because of low melting point of bismuth
(271.4 °C). Therefore, we tried to develop a new solid
target system which can produce At-211 without melting of
the Bi target when irradiating high intensity of alpha-beam.
In this paper, heat tolerance of the target by using the new
target system and chemical separation of 2''At from an
irradiated target were investigated.

Experimental

The new target holder is described in Fig. 1(b). For
thin bismuth coating by vapor
adopted.
The target was set on the new holder in slant angle of
To investigate the
soundness of the target, it was irradiated with the
alpha-beam up to 10 pA, the highest beam intensity
available on the TTARA-AVF Cyclotron.

Chemical separation of *''At from an irradiated target
was carried out by the modified dry distillation (Fig. 2)".
The irradiated target was set in the middle of the furnace.
The temperature was raised to 640 °C under the 60 mL/min
stream of helium gas. 2''At was transferred to a polyether-
etherketone (PEEK) loop by the carrier gas and condensed
inside the loop cooled by liquid nitrogen. After the
distillation, *''At was eluted by 0.25 mL of water. The
separation yield of the *''At was evaluated by measuring

elimination of heat,
deposition on an aluminum substrate was

45 degrees against alpha-beam.

radioactivity of 2''At.

Results and discussion

As a result of the investigation for the tolerance of the
target on the new target holder, the target did not melt up to
10 pA. Separation yield of the *''At from the new target
holder (19%) was lower than that obtained by using the

conventional one (32%). H. Larsen et al.? reported that
the separation yield of *''At on the dry distillation was
varied by the metal species of substrate (copper or
aluminum). We used aluminum substrate for the new
holder, whereas we did not use the substrate for the
conventional one (Fig. 1(a)). Separation yield obtained in
this study may attribute to the difference of the substrate
between the new and conventional holders.

The enhancement of beam current is planned by the beam
In future plans, the heat

tolerance of the target on the new target system by

engineering section in the TIARA.

increasing beam current and improvement of chemical
separation will be investigated.

References
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Fig. 1 Conventional and new target holder.
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Fig. 2 Schematic diagram of dry distillation.
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Medical Radioisotope Production with Accelerator

Neutrons by 50 MeV Deuterons
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Currently, the most common diagnostic radioisotope,
PmTe (T,,,=6 h), is obtained from Mo which is produced
mostly by the fission reaction of highly enriched *°U in
research reactors around the world. A recent shortage of
Mo worldwide triggered discussions on the stable supply
of Mo, and a number of Mo and *"Tc production
with
investigated. The positron emitting radioisotope **Cu and
[ -ray Cu
radionuclides labeling

methods reactors and accelerators have been

emitting  radioisotope are  promising

suitable  for many radio-
pharmaceuticals for PET imaging and for treating small
distant metastases in radioimmunotherapy, respectively.
And a therapeutic radioisotope *°Y, a pure f-ray emitter, is
obtained from *°Sr (71,=28.8 y), which is produced by the
fission reaction of **°U.
Mo and Y.

We successfully produced medical radioisotopes, *’Mo
(T1,=66 h), *°Y (T},=64 h), “Cu (T;,=61.8 h), and **Cu
(T,=12.7 h) on our program with accelerator neutrons by
40 MeV deuterons provided from the TIARA cyclotoron"?.

One of important efforts on our program is to increase the

Japan imports both short-lived

production rate of such radioisotopes for the medical usage.
Recently, we succeeded to increase the production rate of
7Cu and Y with keeping their good radionuclide purities
by using a Be metal target for the neutron generation and by
increasing the deuteron beam energy from 40 to 50 MeV, as
discussed below.

Enriched ®Zn and *°Zr oxide samples with a radius of
10 mm and a weight of about 500 mg were irradiated with
neutrons, which were obtained by the Be(d, n) reaction using

production yields of ®™Zn and ®Ni to “’Cu were 0.16 and
2.0 at the end of irradiation, respectively. The ratios were
almost similar to be 0.13 and 2.6 by the C(d, n) reaction
using 40 MeV deuterons. This means that we can employ
the established chemical separation process® to separate
Cu from these impurities. The present results suggest
that the ®Zn (n, x) ’Cu reaction is the promising route to
produce a large amount of high purity ’Cu and encourage
us to make a new experiment for diagnosis using the “’Cu.
We also obtained j-ray spectra of the reaction product by
the *°Zr (n, x) reaction. "™Y (7,,=3.19 h) produced with
Y via the *°Zr(n,p) reaction was clearly observed. The
activity of the pure f-ray emitter *°Y was estimated from
the observed activity of *™Y*. The estimated production
rate of *°Y was 2.1 times larger than that of our previous
result, and the activity of °°Y was found to be comparable to
that of the impurity isotope °Zr (T},=78.4 h). However,
the production rate of impurity radionuclide BY (T)p=
106.6 d) produced by the *°Zr(n,f) reaction was 3.9 times
larger than our previous result. These results suggest that
the deuteron energy should be lower than 40 MeV to

produce *°Y with a minimum level of impurity *Y.

Acknowledgements
We would like to thank to the crews of the TIARA
cyclotron for a stable beam generation.
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50 MeV deuterons provided from the TIARA cyclotron. (2015) 1205
The irradiation setup was tbe same as our previouzs experiment 4) S.M. Qaim et al., Phys. Rev. C 42 (1990) 363.
by the C(d, n) reaction using 40 MeV deuterons”. After the
irradiation we measured y-ray spectra of the 107 &
reaction products with Ge detectors. . @ ‘’Cu(61.8h)

As shown in a y-ray spectrum of the 10°F ° A%"Zn (13.8 h) 3
887n0 sample in Fig. 1, y-ray peaks of Cu 10°F A N (2,52 h) .

were clearly seen with a good S/N ratio.
The production rate of ®’Cu produced via
the ®*Zn(n, pn) and (n, d) reaction was 3.2
times larger than that of our previous result
obtained by using neutrons from the C(d,n)
reaction with 40 MeV deuterons. The

O ®6Cu (5.1 min) « *°Ni (54.6 h)

annihilation

radionuclides of ®™Zn (7,,=13.8 h), *Ni 0
(T1»=2.52 h), and %Cu (T},=5.1 min),
decay product Ni (T}, =54.6 h), were
The

Fig. 1

impurity radionuclides. relative

500 1000
Energy (keV)

1500

A y-ray spectrum of the *ZnO sample irradiated with

neutrons, which was taken 16 h after the end of irradiation.
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Effects of Wakosil and Nicotine on Trace Elements

Distribution in Lung Microvascular Endthelial Cells
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Air pollution became serious problem all over the world.
Especially, PM2.5 is most notice matter in Asia. There are
some reports that PM2.5 is an important ethologic factor for
On the other hands, cigarettes smoking is

Therefore, we examined the

lung disease.
also risk factor for lung.
effects of nicotine and wakosil® (silica gel at a model of
PM2.5) on trace elements distribution in lung microvascular
endthelial cells (LMECsS) to clarify which is riskier for lung.
We measured change of the trace elements levels in LMECs
by nicotine or wakosil® treatment using in-air micro-
particle induced X-ray emission (micro-PIXE) method
developed at TIARA.

Three weeks old male C57BL/6J mice purchased from
Japan SLC. Mice LMECs were isolated using a modifi-
cation of the technique described by Magee et al". The
procedures of cell culture on collagen-coated polycarbonate
film (2.54 cm?) for microanalysis were described in previous
reports. The cells were washed two times with 1 mL of
Krebs buffer, and pre-incubated with 0.9 mL of Krebs buffer
at 37 °C for 5 min. Then, Krebs buffer containing 0.02 mM
nicotine or 0.0057 mg/L wakosil® was added to each film,
and cells were incubated for 5 min. The cells on the 5 um
washed 7 with
Tris(hydroxymethyl)aminomethane buffer. The specimens

polycarbonate films were times

were promptly dipped into 2-methylbutane and chilled with
liquid nitrogen and then freeze-dried overnight in the
vacuum stagez).

Control

Nicotine
N)
Wakosil

W)

MN)+(W)

Fig. 1 Distributions of sodium, potassium, calcium and

silicon image (100x 100 pum) after addition of 0.2 mM
Upper portion:
manganese, lower portion: copper images.

nicotine or wakosil on LMECs.

Figure 1 shows the micro-PIXE images (100x 100 um) of
sodium, potassium, calcium and silicon in LMECs after
treatment with 0.2 mM nicotine or wakosil® for 5 min.

The level of each trace element was shown in Fig. 2.
When the LMECs were treated with nicotine, potassium
levels were decreased. However, wakosil® treatment
LMECs were not change the potassium level when compare

that of control.

nglem? Na K Ca Si

300000 30000 3000 6000
200000 | 20000 2000 4000 |
100000 10000 1000 2000 -|
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) N .

Fig. 2 Levels of sodium, potassium, calcium and silicon in
the LEMCs treated with 0.2 mM nicotine or wakosil®
for 5 min.

o

The ratio of trace elements in the cells showed in Fig. 3.
The ratio of potassium and phosphorus levels were almost
1:10 after treated with nicotine. It was decreased at 5 times
when comparing with that of control. Nicotine may injure

cell membrane of LMECs.
Na/K K/P Ca/K
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20 0.16 -
50 + 0.14
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Fig. 3 The ratio of trace elements in the LEMCs treated
with 0.2 mM nicotine or wakosil® for 5 min..

From these results, small particle matter may not play to
apoptosis of LMECs by its selves. Other air pollutants
such as oxidative sulfa (Sox), oxidative nitrogen (NOX),
bacteria and so on which stick on PM2.5 may induce
LMEC:s apoptosis.
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Analysis of Intracellular Boron Distribution of Cultured

Cells Using Micro Particle Induced Gamma-ray Emission
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Our early experience of the clinical trial suggests that
Boron Neutron Capture Therapy (BNCT) appeared to be an
effective and tolerable therapy for the selected malignant
brain tumor patients . Intracellular Boron distribution or
Intratumor Boron distribution have been important factor for
successful BNCT. Though Analysis using immunohisto-
chemistry, Secondary lon Mass Spectrometry, alpha etching
has been used, the detail of pharmacokinetics of boron
agents between blood vessels, tumor or surrounding normal
tissues are still unclear. In this report, our aim is to provide
a method for measuring boron concentration using cultured
cell samples, and to examine a possibility of particle induced
X-ray emission by using micro-PIGE.

Material and methods

(1) p-dihydroxyboryl-phenylalanine; BPA and fructose ware
dissolved and prepared as previously described?. Briefly,
BPA was converted to BPA-fructose complex by mixing
BPA and fructose in NaOH at a 1:1.2 molar ratio. The pH
was adjusted to 7.4 with HCL. Final boron concentration
was 1,300 ugB/mL. The solution was filtered and stored at
4 degrees C.

(2) Polycarbonate film that of the 5 pm thickness was used
to support the samples on the end of proton beam

(Chemplex industries, inc. CAT. No: 480). To improve
4 [ ]
3
) 38
) S
0
®eC6 oCo6withB U251 « U251 with B
Fig. 1 The boron count ratio Intracellular/extracellular
area. The ratio of U251 increased with cell culture
medium boron concentration. C6 did not show any
tendency.

cell adhesiveness of the membrane, the membrane was
coated poly-lysin (Sigma Aldrich P7280 average molecular
weight 30,000-70,000).

(3) C6 (rat glioma cell) and U251 (human glioma cell) cell
lines were cultured on the polycarbonate film and
BPA-fructose complex (160 pgB'%/mL) was added.
Control Sample did not add any agents. After 2 h
incubation, the sample was washed and acute freeze-dried.
(4) The samples were irradiated with a 1.7 MeV proton
beam collimated to 1 um in diameter and the emitted gamma
rays were detected. Micro PIGE analysis was performed at
Takasaki Ion Accelerators for Advanced Radiation
Application (Takasaki, Japan).
B(p, p’y)'Be was used to measure '°B concentration, and
the gamma-rays of this reaction were detected with detector
placed Smm behind the specimen.

(5) Data were corrected on PIXEana which was software
developed at JAEA TARRI, can get 2-D distribution images
of each atoms. To decline “Cell area” from P and K image
by MATLAB. Make a mask image to divide intra and
extra cellular area and calculate intra/extra B count ratio.

A nuclear reaction

Result and discussion

Figure 1 showed the intra/extra B count ratio. Higher
value mean the intracellular boron accumulation compared
with control. Intracelluar area were well determined on
U251 images, and U251 Intra cellular B density had about
twice B count compare with extra cellular area of U251.
On the other hand, PIXE image from C6 cells were difficult
to determine cell area automatically, and did not show any
tendency of boron distribution.

Further analysis is needed with high concentration of
boron.
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Analysis of Multiple Myeloma Cell Line Using

In-Air Micro-PIXE
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We established the micro-PIXE assay of the floating cell based on the cytospin method. To evaluate influence of the

proteasome inhibitor, we analyzed the elemental change in myeloma cell KMS-11.
The level of Ca in KMS-11 treated with 50 nM was higher than 0 nM and

and 50 nM in KMS-11 and cultured 24 hours.
20 nM. Moreover, Ca was accumulated to the nucleus.

ZHMEEBIE (MM) 1, B 5 & g UR
~ARZRE OFFAIAN DB AS I, S0%AEFHIRIA 3 40
HSEICHEBEL TE TV, LR IZEAE DBRFIE
{BZEBEEITIEHIMETHY , RIETBENAED I, ST
3. MM ¥ BEFR I 36 KO 72 722 95 FR DI T 45 S - T
EOBRBALEODITHZEEBREL, KA micro-PIXE
5% F 7 MM HERE N OF% ST 38 O E 1L O ML ST
1700,

MM FHRaER (KMS11) ZFAWT, a5 7Y — AR EH
RILTVI7% 0 nM, 20 nM, 50 nM D E TEHRML,
24 R AT o7, R, WST-8 % Hv 7=/ il il
JEFxh Cell Counting Kit-8([FA—AL2EMFFERT)Z VTl
HaAAFERERE LTz, MfE% TRIS-HNO; (pH 7.4) {2 THE
% 3% 10° fE/mL \Z PR35, SEMIINE DEE B2
500 rpm, 15 430U, 0.5 pm EORY A —R 3 — MEH Az
TS IRIRZEFITT-150 °C \IZHBHILI=A V=2
I BB E ST D, A - misiroy 7 1=
URNBESE)NS SB I — ADE — LA Z TR v 7ut—
LR EATD, B b ARXBLOE — LB MERE, 4
skl K& micro-PIXE 30T T v /S —I2 8555 | AV
EL, MM Hfa Nk & e R fRAT L7,

IR TS T2 MR AETF =R ORI E TIX, 0nM & 20nM T
IXZEIFFROOHNT, 50 nM 1T ETFER) 30% Th-o7=, 1 il
Jad 7= DEARNTZ LD T, 0nM & 20 nM T4t
FOE—JIZETRDLNIRD T2, L LMD, 50 nM
TIZ 0nM IZH, Ca DY — I En-oT2,

IHIZ, P, S, Cl, Ca DILHEGAAELI L7225, 0 nM
& 20 nM TIEA LR OSAICEITRD NIRRT,
50 nM CII O EELLLREL , P oy AW (kL TR0, Al
AL D OW b E KL CTWDERBE Tz
(Fig. 1), ¥£72. 50 nM TliE Ca 04 OBE~OEFEN RS
Nz, AR TIIT Rh— 2D BRI ~D Ca @
WARHESNTEY D, ESI/MMaEA ALY/ a
RN Ca A4 DL, Caspase BIH 7 Rh— A3 E
SNDZERRESNTNE D, a7 7Y — AHLEHIR L

YITITB I DT T MBI ARSI B L TRY

Ca OEBHRNTVIT7 OF FEIEANIE~OVE R I2 B
GFLTWHZENFERES T,

We added bortezomib of 0 nM, 20 nM
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Fig. 1
with 0 nM, 20 nM and 50 nM bortezomib.

The distribution of P and Ca in KMS-11 treated
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2-42 Co-localization of Iron Binding on Silica with p62/sequestosomel
(SQSTM1) in Lung Granulomas of Mice with Acute Silicosis
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The cellular mechanisms involved in the development of silicosis have not been fully elucidated. This study aimed to
examine influence of silica-induced lung injury on autophagy. Suspensions of crystalline silica particles were administered
transnasally to C57BL/6 mice. Immunohistochemical examination for Fas and p62 protein expression was performed using
lung tissue specimens. Two-dimensional and quantitative analysis of silica deposits in the lungs were performed in situ
using lung tissue sections by an in-air microparticle induced X-ray emission (in-air micro-PIXE) analysis system, which was
based on irrradiation of specimens with a proton ion microbeam. Quantitative analysis showed a significant increase of iron
levels on silica particles (assessed as the ratio of Fe relative to Si) on day 56 compared with day 7 (p<0.05). Fas and p62
were expressed by histiocytes in granulomas on day 7, and the expressions persisted for day 56. Fas- and p62-expressing
histiocytes were co-localized in granulomas with silica particles that showed an increase of iron levels on silica particles in
mouse lungs. Iron complexed with silica induces apoptosis, and may lead to dysregulations of autophagy in histiocytes of
granulomas, and these mechanisms may contribute to granuloma development and progression in silicosis.

1. h%&ﬁﬁg €§ a: Silica d7
LM (S1) DU I IE LR A S R, si B ss e
CEo CHRESNDMRRHEIERIED AN =X LD —212,  E§ o
Si KIFIEAOY (Fe) BEOLAF L F U MERAESE M o)
RZT RN =2 25| R T ZENREBINTND, 2 EE SSkntialicy a L
T N~RASITE Si DILFE bR UMMk E =2 2
Wl 58T, ST I Al E DR REE LN B, 58 "ot oomer
2. ik . _ i ay ay
2.1 7]7;(&&% gg : Silica d56 os .
EFATYAERITHEL, AFLRTORED Blacks S5 *]
(C57/NL6) vV A YD EAE BN G LTz, St Rl x> |
phosphate bufferd saline (PBS) (ZJ&k¥8 LB I Ky FEL 72, - T &

Si 1% PBS (1.5 mg/g body weight) % CSTBU6 ~7AICfk 5% 2{
BENCH G LT, 2 br— Ll LT CSTBI6 7 AIC PBS = ol L
PRENICERELT, =~ day 56 day 56
2.2 Hie Energy (KeV)

LA 8 B O~ Afiiflk D/ 77 1 YR &S Fig. 1. Peaks of Si in silicosis and control mice were
15 pum DAZARIZYIY | JEE S um DRV —RF—F7 4/ analysed by in_air micro PIXE analysis. Peaks of Si
LTI T, 2.1 EFBRIC~ A1 PIXE 4TI TNT 71 (red) were higher in silicosis mice (a, c¢) than control
IR NOTE % WELT, £z, MLk ek @ mice (b, d) on day 7, 56.
(Belin blue stain) . $i Fas Hi{A TH@E LT, N— —
3 ){ﬁ!f% a; Silica d7 b: Silica d56

1 38 B OffifiikF o Si LbEL, 8 HEHD Si [T EE
(2% 8D Fe NLAEL T, 8 B OffifH#k+ T, Si
b1 %< G T NEFRRRIC T R h— 2 A% F5E 95 Fas &
A =77 — Ol E R T p62 AL FB T DB
EEL QW (Fig. 2),

4 BE

W AZAU72 Silcid, RERRRIE & EBITRN D Fe 3EEL .
FOFERZ O E B ORI T AR N— 3 ZDEAN R O —k
o e LI Foats 2 A R Nt A IR = 4 [ TN AE- 3 ik 40
TR AMEES A Z EAVRIBI Tz,

X-ray intensity
(counts log)

&8
Energy (KeV)

Fe/si e
0.015 Ea

0.010
0.005 .
o.000 L1
Silica Silica
day 7 day 56
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Elemental Localization within Poplar Stem

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

Y. Noda a), T. Aohara a), N. Yamada b), M. Koka b), T. Satoh b), T. Kamiya b),
S. Satoh® and J. Furukawa ™
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Plants need various elements for the healthy growth.
The analysis of element content and localization in the
focused organ or tissue is important to identify its functions.
Especially the localization analysis of elements in the tissue
level is highly valuable for investigating where the
deficiency or toxicity of elements is detected and how to
regulate the mechanisms for keeping homeostasis of plant
body. Some elements can be visualized by chemical
staining, but these methods have low resolution and can
detect one element per analysis. Micro-PIXE method can
detect multi-element at the same time and visualize with a
high-resolution image, so it is very useful for identifying
where the elements localize. In the Micro-PIXE analysis,
setting samples on atmospheric pressure condition, various
types of sample preparation methods are acceptable. Up to
now, we have developed the method for imaging the element
localization using a paraffin embedded section and a frozen
section, and identified the most suitable condition for plant
tissue in Micro-PIXE at TIARA"“?. In this study, the
relationship between potassium (K) and cesium (Cs)
localizations within a tree is focused.  Radio-cesium
released by the Fukushima Dai-ichi Power Plant Accident
was deposited to the forest trees and, therefore, the
identification of radio-cesium distribution within the tree
body and tissue is needed.

We employed a poplar tree as a model for this
investigation. Poplars were subjected to the external supply
of CsCl (100 mM, 20 pL) on its leaf using a paper disk
mimicking a foliar absorption of radio-cesium.  The
chemical form of deposited radio-cesium is still not clear,
but the form of cesium within the plant body is supposed to
be an ionic, Cs". As for the Cs imaging, the samples
treated for 24 hours were harvested. The samples were
embedded in the compound for a freeze section, which is
suitable for ionic element imaging", and sliced to 5 pm
sections by freezing microtome and then exposed by 3 MeV
H' beam.

From the images of K localization (Fig. 1), cell shape and
tissue structure were well observed. Both in the stem and
the node, K was accumulated at the cortex, cambium and
endodermis. However, in the tissue where the large size of
cell is exist, K concentration is obviously low. The signals
derived from Cs was not detected in the cross section
samples.

The image of Cs localization was obtained from the
longitudinal section harvested from the node (Fig. 2).
Although the Cs image obtained here was not clear, it was

indicated that the cortex contained relatively high
concentration of Cs. This localization pattern is similar to
K distribution observed from the same sample. This
indicates the Cs absorbed at the leaf surface was transferred
to the cortex in the node. The candidate mechanism for Cs
transfer is K circulation within the plant body and the
similar distribution of K and Cs observed here supports that
hypothesis. For investigating Cs pathway involved in the
foliar absorption, the improved method for obtaining better

Cs image is required.

Fig. 1 Potassium localization in poplar stem and node
obtained by Micro-PIXE. The images were the cross
section. pi: pith tissue, co: cortex, ca: cambium, en:
endodermis, ep: epidermis.

K localization
i

¥

K localization

Cs localization

Fig. 2 Potassium and cesium localization in the node of
poplar. The images were obtained by the longitudinal
section. Right images are the magnified image of
square area in the left. pi: pith tissue, co: cortex.
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Fluoride Varnish Remaining After Physical Stress
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Introduction

Fluoride varnishes are worldwide used for preventing
caries development. It is applied and made a thin layer on
the tooth surface. This thin layer provides fluoride to the
tooth and inhibits demineralization. In clinical case, there
are several stresses will work on the tooth surface, such as
bruising, occlusal stress, and some other external forces.
These stresses have a risk of fall the sealing materials from
the tooth surface. This study evaluated the fluorine
remaining of fluoride varnish pre and after removing
materials on dentin by means of an in-air micro-Particle
Induced X-ray/Gamma-ray Emission (micro-PIGE/PIXE)
systeml’z).
Materials & Methods

Specimen preparation: Human teeth were prepared and
root surface and dentin were exposed by hand scaler. The
dentin block (10 mm x5 mm and 1 mm thickness) were
made from root dentin. The 10 mm X 5 mm area was
polished by #1000 Si- carbide paper. Two different
fluoride varnish (CTX2 Varnish, Oral Biotech (FVC), White
Fluoride Varnish, Butler (FVB)) and one glass-ionomer
cement (Fuji IX, GC (FN)) were applied on the polished
surface.
(Control).

distilled water at 37 °C. After storage, materials on the

No treated specimens were used as a control
The dentin specimens were stored 24 hours in

half of applied area (5 mm x5 mm) were removed by hand
scaler and #1000 Si-carbide paper. Fluorine and calcium
distributions of each specimen were evaluated using
micro-PIGE/PIXE TIARA (Takasaki Ion
Accelerators for Advanced Radiation Application, Takasaki

JAPAN).

system at

Results

Figures 1 and 2 show calcium and fluorine map by in-air
micro-PIXE/PIGE analysis on the dentin surface. The Ca,
and F existence shows as the white dot. In CTX and FVB
group, Ca and F were existed ununiformly before removing,
but after removing materials, Ca and F remain uniformly.
In FN group, F was spread uniformly before removing and
Ca was spread uniformly after removing.

Discussion

Fluoride varnish only includes NaF and doesn't contain
calcium. Therefore, the Ca signals mean that fluoride
varnish layer is too thin, and proton beam could through the

layer and calcium of the dentin structure reacted. These

Calcium map by PIXE analysis

After removal

Applied

FVC

FVB

FN
Figure. 1

Fluoride map by PIGE analysis

Applied After removal

FVB

FN

Figure. 2

Figs. 1 and 2 Elemental PIXE maps (Calcium) and PIGE map
(Fluoride) of the specimens. White dots in each map
represented PIXE or PIGE signals from each element.

results suggested the applied varnish layer thickness and
fluoride distribution are not uniform. On the other hands,
after removing materials by physical stress, materials even
remain on the tooth surface and it distributes uniformly.

Conclusion

Fluoride varnishes even stick on the dentin surface after
physical stress, and it will be the advantage for
demineralization inhibition of the tooth.
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Protamine-Hyaluronic Acid Particles as a Drug Delivery

System Utilizing Radiotherapy
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® Department of Advanced Radiation Technology, TARRI, QST

We have been developing targeted cancer chemotherapy,
using particles that release anticancer drugs in response to
irradiation. The released anticancer drugs attack tumors
synergistically with the radiation, which will lead to
increased anticancer effects. Localized release of the
anticancer drug reduces the potential for adverse effects.
Previously, we developed anticancer drug-releasing
microcapsules by polymerizing alginate and hyaluronic acid
with Ca?* and Fe?*". However, the diameter of these
microcapsules was 23.2+7.6 um. Following intravenous
injection, the large diameter of these microcapsules did not
allow them to pass through the capillaries of the brain or
lungs, which resulted in cerebral infarction or pulmonary

embolism 2.

It is well known that negatively charged
hyaluronic acid and positively charged protamine bind
electrostatically to form small nanoparticles. As
hyaluronic acid decomposes into acetyl glucosamine when
irradiated ", it is postulated that the hyaluronic acid-
protamine particles

may also decompose following

irradiation. If protamine-hyaluronic acid particles were to
contain an anticancer drug, the particles may release the
anticancer radiation-induced

drug in response to

decomposition. In this study, protamine-hyaluronic acid
particles containing carboplatin, a platinum-containing
anticancer drug, were evaluated for particle size and their
ability to release the anticancer drug in response to radiation.

Protamine (2 mg), 1.6 mg hyaluronic acid, and 2 mg
Paraplatin (a branded preparation of carboplatin) were
mixed with 10 mL of 0.1 mmol/L Tris buffer, and incubated
for 30 minutes at room temperature. The generated
particles were filtered through a 0.8-um cellulose filter.
The particles that were trapped in the cellulose filter were
re-suspended in 0.1 mmol/L Tris buffer. Finally, the
particles were sonicated using an ultrasound disintegrator
and used in experiments. Irradiations were performed with
140-keV soft X-ray at a dose rate of 0.301 Gy/min by using
Softex M150 WE. The irradiated particles were processed
to be analyzed using a micro PIXE camera". Each PIXE
sample was irradiated with a 3 MeV proton beam, and the
X-rays induced were recorded using a silicon-lithium
detector. All micro PIXE analyses were carried out at the
Takasaki Advanced Radiation Research Institute, JAEA.
Transform version 3.0 (Fortner Software Inc.) was used to
obtain and analyze the X-ray images.

The particles were imaged using the micro PIXE camera,
based on the distribution of Pt. The mean diameter of the

generated particles was 0.41+£0.06 um (Fig. 1-A). Before

Fig. 1 Generated Patcles. A: Before irradiation,

B: After 10 Gy irradiation.
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Fig. 2 Fruency of rupturing of particles by irradiation.

irradiation, particles were round in shape with clear margins
(Fig. 1-A).
which was considered to indicate rupturing of particles
(Fig. 1-B). The percentages of ruptured particles are
shown in Fig. 2. Particles (61.2+£6.8%) were ruptured by
exposure to 10 Gy of radiation.

After irradiation, particles were fragmented,

Our new protamine-hyaluronic acid particles are smaller
than red blood cells. These minimized particles could pass
through the capillaries of the brain and lungs, which will
allow us to administer them intravenously without any risk
of causing an embolism. The percentage of particles
ruptured by irradiation (61.2 + 6.8%) was lower than
expected and 10 Gy is 5 times higher than the 2 Gy dose that
is used heavy
are considered to
increase the sensitivity to radiation-induced rupturing.

in clinical cancer treatment. The

metal-containing anticancer agents
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Continuous Ion Beam Induced Luminescence Analysis for

Identification of Organics in Microscopic Targets

W. Kada a), S. Kawabata a)’b), R. K. Parajuli a), T. Satoh b), M. Kokab), N. Yamada b),
K. Miura a), 0. Hanaizumi® and T. Kamiya ®)

I aculty of Science and Technology, Gunma University,
®) Department of Advanced Radiation Technology, TARRI, QST

Recently, there has been increasing interest in ion
beam-induced luminescence (IBIL) spectroscopy, which
could be used in conjunction with other ion beam analysis
methods such as particle-induced X-ray emission (PIXE)"?.
Previous research revealed that IBIL analysis using a proton
microbeam probe could be combined with external in-air
micro-PIXE, and provided additional information about
microscopic targets which contains organics”. However,
there is a lack of information about IBIL from organic
materials in the luminescence database®”. To evaluate
these features of IBIL analysis, continuous observation of
the IBIL spectrum is desirable, particularly for organic
materials.

In this study, we demonstrate continuous IBIL
spectroscopy with a 3 MeV external microbeam probe.
A high-sensitivity spectrometer was used to continuously
record IBIL spectra not only from several inorganic
microscopic targets, but also from standard organics.
The decay and changes in the structure of IBIL were
observed for the organic and microscopic targets.
The external proton microbeam setup for in-air micro PIXE
analysis on a micro-beam line of the 3 MV single-ended
accelerator facility at TARRI/JAEA was used for the IBIL
analysis. A focused microbeam with a typical diameter of
approximately 1 pm was used for IBIL imaging and
spectroscopy.  Organic standard samples related micro-
particles, i.e. nicotinamide adenine dinucleotide (NADH),
tryptophan, riboflavin, and the polycyclic
hydrocarbon (PAH) benzo[a]pyrene, were independently
sealed between two thin polyimide films to prevent free
emission to the environment before and after irradiation.
IBIL spectrum was obtained by electrically cooled

aromatic

v T v T v T
Target : tryptophan (C, H,N,0,)

IBIL Intensity [a.u.]

800
Wavelength A [nm]

200 400 600 1000

Fig. 1 Example of IBIL spectra obtained from organic
targets excited by 3 MeV proton microbeam probe.

T T T T T T
Target : PAH

| — 0.1x10" ions/cm?

— 2.4x10" ions/cm?

| -- 1.9x10'"ions/cm?

IBIL Intensity [a.u.]

Wavelength A [nm]

Fig. 2 Example of IBIL spectra continuously obtained
from PAH (benzo[a]pyrene) target.

back-thinned CCD spectrometer (Solid Lambda CCD,
Spectra Co. Ltd.) with an effective wavelength from 200 to
1,000 nm.

Figure 1 shows an example of IBIL spectrum obtained
from tryptophan.  Each organics had different IBIL
emission band (NADH 400—600 nm, riboflavin 500-600 nm,
and tryptophan 500-700 nm) at 3 MeV proton irradiation.
These results suggested that organic targets were able to be
distinguished by the peak wavelength of IBIL as well as
inorganic targets. Also changes in the structure of IBIL
caused by ion beam irradiation were able to be recorded
during proton beam irradiation. As an example, standard
target of the PAH (benzo [a] pyrene), was employed for the
irradiation. At the beginning of the irradiation, strongest
IBIL peak was around 580 nm. A multiple peak appeared
in the spectrum when the beam fluence was around
10" jons/cm®.  The intensity ratio of the peaks changed as
the beam fluence increased. While the result of PIXE
analysis does not differed at these beam flunece, there
results suggested that continuous IBIL analysis had obtained
structural changes in chemical composition of the organic
targets.
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Analysis of Multiple Ion Scattering in B-FeSi, Films with

Equivalent Domains Epitaxially Grown on Si(111)

Y. Maeda®®, Y. Terai® and K. Narumi®

a)Department of Computer Science and Electronics, Kyushu Institute of Technology,
®) Department of Advanced Radiation Technology, TARRI, QST

Epitaxial growth of crystal planes of B-FeSi,(110), (101)
on Si(111) is one of the most reliable cases in Molecular
Beam Epitaxy (MBE), Reactive Deposition Epitaxy (RDE),
Metal Organic Chemical Vapor Deposition (MOCVD) or
Ion Beam Synthesis (IBS). In this hetero-epitaxy, the
lattice mismatch & becomes +1.4 to +5.5% in these
directions, respectively and six equivalent crystal domains
grow on a Si(111) plane".

Rutherford backscattering spectrometry (RBS) and ion
channeling measurements along a given crystal axis of the
substrate teach us element profiles in depth and epitaxial
quality of atomic rows, respectively, so they are very
powerful methods to evaluate total feature of epitaxy.
However, there are no reports about ion channeling
measurements of 3-FeSi,/Si heteroepitaxial structures.

In this report, using the obtainable high grade MBE films
we have investigated axial ion channeling measurements of
crystal planes of B-FeSi,(110), (101) epitaxially grown on
Si(111) in order to evaluate quality of the epitaxy and
quantitative discussion based on atomic displacements on
the atomic rows along the Si<111> direction.

Sixty nm-thick B-FeSi, films were epitaxially grown on
the 20 nm-thick B-FeSi, template layer formed on Si(111)
substrates at 550 °C by MBE, where the template layer was
deposited at 670 °C by RDE. During MBE growth, a ratio
of Si/Fe was hold to be 1.17. Reflection High Energy
Electron Diffraction (RHEED) patterns were observed
during growth and showed a B-FeSi, (110) or (101) single
plane. Also Raman measurements indicated the single
phase of B-FeSi, in optically detectable depth.

Two-MeV “He" RBS spectra were measured at the
backscattering angle of 165°.  Along the axis Si<111>, ion
channeling measurements were performed in the B-FeSi,
film with the template layer at each tilt angle of the beam
between -2.0 and +2.0 degrees. The tilt direction may be
important issue and was employed between [1,-1,0] and
[-1,0,1] directions of Si where the minimum yields of Fe and
Si channels were obtained. Axial channeling dip curves,
which are backscattering yields of Fe and Si atoms as a
function of the tilt angle, were analyzed by the following
equation (1) in order to obtain a minimum yield (),;,) and a
critical half angle (y),).

Unexpectedly we obtained the larger y,,;, and the smaller
W1, than those predicted usually in epitaxially grown films
as shown in Fig. 1. This result suggests directly that the Si
atomic row on B-FeSi, (101), (110) planes may be much
disordered along Si<111> axial directions. In Fig. 1, both
Ymin @and vy, are dependent upon the location where ions are
scattered. At inside of the film we obtain the y,;, values of
0.8. At the Si substrate a little far from the interface, the ¥ i,
of Si was 0.31, which depends on the upper film quality.

We discuss an effect of multiple ion scattering (MIS)
caused in the inside of film on the channeling measurements.
In that condition, we get the MIC probability P(8,, 7)=Ymin.
The reduced angle 6, can be deduced from measured .
The P(8,, m) vs m diagram reported? gave m=14.

On the other hand, using average atomic vertical
displacement along the Si atomic row AX, for crystals,
m = rc(aTFz-f- AXZ)(Nt), where arp is the Thomas-Fermi
screening radius of Si, N is the number of atoms in the
B-FeSiy, ¢ is a film thickness. These calculations gave us
AX=~0.04 nm, which corresponds to displacement of each
stacking faults.  Six possible domains make mosaic
structure with stacking faults of interval in 0.31 nm",
therefore one interval causes atomic displacement by
0.31/6=~0.05 nm in average. This fact is important for
understanding AX=~0.04 nm obtained from analysis of the
multiple scattering™.

We conclude that multiple ion scattering in the
B-FeSiy(101), (110) with six equivalent domains epitaxially
grown on Si(111) can be attributed to the present stacking
fault of domains uncontrollably formed in the mosaic
structures of B-FeSi, (110), (101) planes.

Finally, we would emphasize that for evaluation of the
film out of single ion scattering condition analysis using the
MIS is very powerful to obtain the overgrowth films on Si
substrate as shown in this report.
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In-situ Measurement of Li-distribution in Li Ion Battery
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The experiments on the diagnostics of a Li ion battery (LIB) have been continued to demonstrate the in-situ measurement

of various LIB electrodes.

In the year of 2015, we tested all solid state LIB (ASB) and Liquid electrolyte LIB which were

made of Li;La3Zr,0y, (LLZ)+LiCoO, (LCO) and LiNiO,(LNO), respectively. The time dependent images are successfully

taken, but effects of proton beam damage to the samples seem important.
diagnostics to clarify the effects of proton beam damage in the year of 2016.

1. EBRRBIFEREEED

TAREME L LiINIO, (LNO) A4 B (Rl KB N A
T 7e 8 BUAE) LE R EMEE (LLZ) @ LiCoOy(LCO) (=—
U e 3EHT M. Finsterbush ) &£ 2 FEEDV T bAoA A
i (LIB) (Z2&, ~A 71 PIGE & PIXE 12XV, FEhE
RFDVF T WA A Y E DOREE AL “ DB FH Lz,

EAEMRE LLZ EEmAE LCO D2 K (ASB)
WCOWTHRIEBEITRNDDZ DG FHZR A TZH,
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We will continue to investigate the in-situ
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Measurements of Neutron Energy Spectra of Thermal

Energy Region in High Energy Quasi-Monoenergetic
Neutron Fields Using a Bonner Sphere Spectrometer

T. Matsumoto a), A. Masuda a), H. Harano a), H. Seito® and S. Kurashima®

) National Metrology Institute of Japan, National Institute of Advanced Industrial Science and
Technology, b) Department of Advanced Radiation Technology, TARRI, QST

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 with peak
neutron energies of 45 MeV and 60 MeV at the AVF
cyclotron facility TIARA as neutron standards?. In the
neutron fields, high energy neutron detectors or dosemeters
are calibrated. In many cases, the high energy neutron
detectors or dosemeters have also sensitivities to thermal
energy region. On the other hand, thermal neutrons are
slightly produced by scattering in a collimator and an
experimental room. In the present study, we measured
neutron energy spectrum of thermal energy region in the
TIARA high energy neutron field.

Quasi mono-energetic neutrons are produced in the
"Li(p,n)’Be reaction where a proton beam from the AVF
cyclotron impinges on an enriched metal lithium-7 target.
At first, neutron energy spectra were measured by the
time-of-flight (TOF) method using an organic liquid
scintillator (BC501A, diameter: 7.62 cm, thickness: 7.62 cm)
and a °Li glass scintillator (GS20, diameter: 5 cm, thickness:
5 mm). In the TOF measurements, it is possible to obtain
ion pulses with intervals of micro second by using the S-
and P- chopper systems®. Therefore, the neutron energy
down to keV region is measured with the TOF method at the
TIARA Y.  Figure 1 shows the neutron energy spectra
measured using the TOF method. In the TIARA neutron
field, there are direct neutrons emitted by the 7Li(p,n)
reaction and neutrons scattered by the floor and walls.
Figure 1 indicates the direct neutrons emitted by the "Li(p,n)
reaction. Especially, the neutron energy spectrum in the
keV energy region was measured for the first time.
Secondary, the neutron energy spectrum of the thermal
energy region due to the scattered neutrons was measured
with a Bonner sphere spectrometer (BSS) by means of an
unfolding method. The BSS is composed of a spherical
*He proportional counter (SP9, gas pressure: 0.5 atm.) and
polyethylene moderators (diameter from 7.62 cm to
24.13 cm), a copper moderator in polyethylene and a lead
moderator in polyethylene. The unfolding was performed
using the MAXED code in the UMG3.3 package®. The
initial guess spectrum was obtained by the MCNPX code®
in the unfolding process. Figure 2 shows the preliminary
result for the neutron energy spectrum at the position of

13 m away from the target obtained by the unfolding method.

Calculated result is also shown in this figure. This figure

indicates discrepancy between measured and calculated
results. It is necessary to improve the data analysis and
calculations in order to find causes.
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Fig. 2 Neutron energy spectrum measured with the BSS
using the unfolding method.
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Measurement of Neutron-production Double-differential

Cross Sections in Most-forward Direction for 65- and
80-MeV Proton Incidences

D. Satoh, Y. Iwamoto and T. Ogawa

Environment and Radiation Sciences Division, NSEC, JAEA

In the proton-incidence reactions above several tens
mega-electron volts, neutrons produced from a target
nucleus in the most forward direction have relatively high
energies and high production rates. Though those neutrons
are important in the shielding design of proton accelerator
facilities,
evaluated nuclear data libraries fail to reproduce the neutron
production in this direction.
the models and libraries, it is required to obtain the
systematic experimental data on neutron-production
double-differential cross sections (DDX) in the
most-forward direction. Our study, therefore, aims to
measure the DDX for target nuclei in wide atomic mass

theoretical models of nuclear reaction and

To improve the accuracy of

region using the proton beams supplied by the AVF
cyclotron of TIARA.

In the last fiscal year (FY 2014), we performed a
feasibility study to examine the experimental setup and the
data-acquisition system used at TIARA for the DDX
measurements. The data on DDX of 'Li, "™C, 28Al, "'Fe,
and "™Pb nuclei for 50-MeV proton incidence were
successfully obtained with a sufficient statistical precision,
and the results of 'Li agreed well with the existing
experimental data measured by the other group. On the
basis of those results, we launched the
measurements of DDX in the most-forward direction in FY
2015.

The experiments were performed at a LCO beam course
of TIARA. The protons were accelerated to 65 and
80 MeV by the AVF cyclotron, and the beams were
transported to the beam course with thinning out to 1/5 to

systematic

broaden the time interval between bunches of proton for the
neutron time-of-flight (TOF) measurement. The time
intervals in the 65 MeV and 80 MeV beams were
approximately 273 ns and 249 ns, respectively. The thin
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Fig. 1 DDX of ™C for 65-MeV proton incidence.

target plates of 'Li, "™'C, ®Al, "Fe, and ""Pb mounted on a
target changer were bombarded by the proton beam with the
beam current below 10 nA. The neutrons produced from
the targets were led to the measurement room via a
collimator opened in the most-forward direction, and were
detected by a liquid organic scintillator whose diameter and
thickness were 12.7 cm. The proton beam passing through
the target was removed from the most-forward direction by
a magnet, and its current was measured using a Faraday cup
to determine the number of protons incident to the target.
The signals from the scintillator were recorded event by
In the off-line analysis,
neutron events were distinguished from the gamma-ray

event via acquisition system.

events using the pulse shape discrimination technique.
The kinetic energies of the neutrons were determined from
the difference of TOF between the prompt gamma rays and
neutrons.

Figures 1 and 2 show the experimental results of carbon
target for 65- and 80-MeV proton incidence together with
the calculation results of the theoretical model INCL and the
evaluated nuclear data library JENDL-4.0/HE.  The
neutron spectra indicated three typical peaks which
constructed with the neutrons from the reactions of 13C(p,n),
2C(p,n) and quasi-free scattering with '°C. The
JENDL-4.0/HE reproduced the peaks of “C(p,n) and
2C(p,n) reactions, but failed to reproduce the quasi-free
scattering. = The INCL could not generate the peak
structures in the neutron spectra, and the absolute magnitude
of neutron spectrum deviated from the results of experiment
and JENDL-4.0/HE in the 80-MeV proton incidence.

In FY 2016, we will measure DDX at the incident proton
energies of 20 MeV and 34 MeV to complement the
In addition, the theoretical
model will be improved by using the present dataset.

systematic experimental data.
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Fig. 2 DDX of ™C for 80-MeV proton incidence.
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Development of Active Control System of Cyclotron

Magnetic Field for Stable Microbeam Irradiation

S. Kurashima, N. Miyawaki, H. Kashiwagi, K. Yoshida, N. Yamada, M. Koka and T. Satoh

Department of Advanced Radiation Technology, TARRI, QST

A microbeam focusing system using a quadruplet of
quadrupole magnets is being developed at the HX course of
TIARA cyclotron to irradiate living cells or semiconductor
devices. Microbeams such as a 260 MeV *’Ne’* and a
520 MeV “Ar'** with a spot size around 1 to 2 pm are used
for the experiments. In addition, a 12C% microbeam around
7 pm in spot size at 320 MeV, the highest energy per
nucleon ion beam at TIARA, was developed to irradiate
living microscopic worms"”. To form the microbeam using
the focusing system, an energy spread AE/E of the ion beam
is restricted to the order of 107* for reducing an influence of
A flat-top

acceleration technique® and a magnetic field stabilization

chromatic aberrations in the focusing lens.

system > were introduced to the cyclotron for reducing the
energy spread of heavy-ion beams.

The magnetic field of the cyclotron was changed for long
duration over 10 h on the order of AB/B=10"* because of
heat deformation of the iron yoke caused by heat transfer
from a pair of main coils. The long duration magnetic field
instability was remarkably improved to AB/B=1x10"> by
installing water-cooled copper plates between the coil and
On the other hand,
short duration instability of the microbeam intensity was
The microbeam sometimes

surface of the yoke as a heat insulator.

observed during experiments.
vanished from a focusing point within half an hour after
beam tuning. Currents of outer-, inner-most trim coils and a
set of harmonic coils of the cyclotron were adjusted to
recover the beam current. Although a reason of the
instability was unclear we decided to improve short duration
instability of the whole magnetic field since the beam orbit
is extremely affected by the change of the cyclotron
magnetic field. Figure 1 shows a schematic diagram to
measure and control the cyclotron magnetic field using a
nuclear magnetic resonance (NMR) probe¥. The magnetic
field is regulated by using an additional 5 turns coil, instead
of the outer-most trim coil, wound along the main coil, a
power supply and a personal computer (PC) based
proportional-integral-derivative (PID) controller.

An NMR probe is generally used to precisely measure a
uniform magnetic field, and it was difficult to obtain
sufficient signal intensity in the non-uniform cyclotron
magnetic field that radially and azimuthally varies. To
improve a signal-to-noise ratio of the NMR probe, a series
of actions such as vibration insulation of the signal pickup
cable, addition of a noise filter circuit and change of the
gating time of the pickup circuit was carried out. As a
result, the NMR probe has become usable for measurement
of the cyclotron magnetic field for most acceleration
conditions, and therefore the active PID control system

Cyclotron magnet

Additional coil (5 turns)

Compensation
] Pole Power supply
Bipolar output LAN
Pole (+20A) Target value
PC
Main Lo LabVIEW
Main coll PID control
GPIB
480 turns NMR

(upper and lower coils)

Max. current 900A Magnetic field

measurement

Fig. 1 Schematic diagram for measurement and control of
the cyclotron magnetic field using the NMR probe.
The NMR probe was set on a central axis of a sector
part of the magnet.
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Fig. 2 Change of the cyclotron magnetic field with or
without the active PID control system. The magnet
was excited for acceleration of the 260 MeV *Ne’™
beam.

adequately works using the NMR signal.

Figure 2 shows an example of the variation of the
magnetic field under the active control. The magnetic field
was stabilized to AB/B=6x107° by the PID system. We
are going to verify availability of the system for stable
microbeam irradiation experiments as soon as possible.
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Status Report on Technical Developments of the

TIARA AVF Cyclotron

H. Kashiwagi, N. Miyawaki and S. Kurashima

Department of Advanced Radiation Technology, TARRI, QST

Introduction

In the TIARA AVF cyclotron, various developments
regarding beam production, acceleration, formation and
irradiation are made to improve performance for the
In this
paper, developments relating beam injection and beam phase

research in biotechnology and material sciences.
restriction are reported.

Test of injection tuning using steering magnets based on
emittance and acceptance measurement

We are developing an optimization procedure of beam
injection tuning based on measurements of the property of
an injected beam and the cyclotron to achieve good
transmission efficiency. We have already developed a
transverse emittance and acceptance measurement system as
a tool that shows the relationship between the injected beam
emittance and the acceptance of a cyclotron”.

A test experiment of overlapping the measured horizontal
emittance and acceptance was conducted using two steering
magnets to demonstrate that injection tuning based on the
measured results is effective in increasing an accelerated
beam current. The steering magnets placed just before and
after the system are used to shift the emittance and acceptance
in the transverse phase-plane respectively. In order to
control the position of the emittance and the acceptance in the
phase-planes, the relationship of the barycentric coordinates of
the emittance and the acceptance with the currents of the
steering magnets were measured, respectively, and each orbit
in the horizontal phase-plane was clarified (Fig. 1). Using
the results, measured emittance and acceptance was moved
to overlap the high-brightness region in the emittance and
the high-transmission region in the acceptance. The
We have

confirmed the effectiveness of injection tuning based on

accelerated beam current was increased by 30%.

measurements using our developed system.
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Fig. 1 (a) Relationship between the barycentric coordinate
of emittance and IST1 current, (b) Relationship between
barycentric coordinate of acceptance and IST2 current.

Evaluation of beam phase restriction by phase defining
slit

A high quality beam with a small energy spread is
required for beam applications such as the microbeam.
The beam is obtained by narrowing the beam phase width.
The beam phase width appears as the radial beam spread
that is caused by the acceleration voltage varying with the
time in a magnetic field. Restriction of the radial beam
spread with a phase defining slit is general method to narrow
the beam phase width. On the other hand, phase bunching
in the central region can also narrow the beam phase width
by energy-gain modulation produced in a rising-slope region
of the acceleration-voltage waveform at the first acceleration
gap?. In the TIARA AVF cyclotron, there is the phase
bunching effect for acceleration harmonic mode (4) 2;
however, the effect for # = 1 can be not obtained.
To investigate the influence of phase bunching on beam
phase restriction with phase defining slit, the beam phase
distributions of a 107 MeV *He?" beam for A=1 and a
260 MeV **Ne’ beam for #=2 were measured by shifting
the slit positions with the 3 mm slit gap.

The measured correlations between the slit position and
the beam phase are shown in Fig. 2 for 4=1 (a) and 2 (b).
The h=1 correlation was greater than £20 RF degrees in the
slit position from 31 to 36 mm. The beam phase width was
easily controlled by the slit position or gap. The A=2
correlation was less than £10 RF degrees in the position
from 33 to 38 mm. The control of the beam phase width
by the phase defining slit was difficult for the reason that
phase bunching was generated before reaching the slit.
The results suggest that consideration of phase bunching
was required in the beam phase restriction with the slit.

Intensity (%)

Intensity (%)

Position (mm)

=30 20 -10 0 10 20 30 - <20 -10 0 10 20 30
Relative Phase (RF degrees) Relative Phase (RF degrees)

Fig. 2 Measured correlations between radial slit position
(horizontal) and beam phase (vertical) for (a) 107 MeV
*He?" beam (h=1) and (b) 260 MeV *°Ne’* beam (h=2).
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Status Report on Technical Developments at

Electrostatic Accelerators

A. Chiba, K. Yamada, A. Yokoyama, A. Usui,
Y. Ishii, T. Satoh, T. Okubo and T. Nara

Department of Advanced Radiation Technology, TARRI, QST

Intensification of a fullerene ion beam

In fiscal year 2013, we had developed a novel technique
to generate the negative Cgq~ ions with an electron
attachment method using an existing ion source of the
tandem accelerator, and succeeded in drastically increasing a
Ce" ion beam current in MeV-energy". Efficiency of the
several experiments using the Cg' ion beam was
significantly improved by this technique, whereas the beam
intensity should be further increased for the improvement of
beam-transportability and for the experiments in need of an
irradiation to large-area with high fluence, e.g. a study on
surface modification of materials. In this technique, the
sublimated Cg is negatively ionized by capturing a thermal
electron emitted from the surface of a glowing ionizer in the
ion source. According to the measurements of the electron
emission from the ionizer, it is inferred that the intensity of
thermal electrons in the ion source is extremely lower than
the amount of sublimated Cg¢y. Therefore, we tried to
increase the negative Cg ions by adding a tungsten filament
to the ion source as a second source of thermal electrons.
As a result of the refinements, the intensity of C¢, ion beam

was increased by more than an order of magnitude.

Measurement of beam energy shift using resonance
nuclear reaction

Shifts of a photo-image of race element distribution
within 2 um are observed in several hours in micro PIXE
analysis. The reduction of the shift is required to obtain the
The shift was suspected due to the drift of

the single-ended-accelerator voltage over time, because the

accurate image.

movement of samples on the stage was not observed in the
PIXE analysis.
the voltage drift by comparing the voltage estimated by the

The purpose of this study was to measure

change ratio of y-ray yield emitted from a nuclear reaction
of 2’Al (p, ) 2*Si and the voltage constantly controlled by
In fiscal 2015, 992-keV proton beam at a
The
y-ray yields of nuclear reaction of ’Al (p, ) *Si at 992 keV
with the resonance width of 100 eV and at 1,772-keV with a
wide cross section were measured every one hour using a

the accelerator.
current of 650 nA was used for the measurements.

Nal scintillation detector. The observations were continued
from 16 p.m. to 21 p.m. The voltage was shifted in 0.8 kV
in first one hour from the beginning. Then the increases of
beam energy within 0.2 keV were continued every hour until
21 p.m. The results indicated that the voltage shift tended
to be small after 18 p.m. In the next fiscal year, the time
variation of the accelerating voltage will be continuously

measured to clarify a quantity of the shift for a day.

Development of Faraday cup for a fullerene ion beam

In order to correctly measure a fullerene-ion beam
current, it is usually necessary to use a high aspect-ratio
Faraday cup (FC), because a fullerene-ion bombardment of
the cup generates not only secondary electrons but also
many more secondary positive-ions than a monoatomic-ion
bombardment. However, the high aspect-ratio FC has a
length of more than 300 mm with respect to an inner
diameter of 20 mm, therefore it is difficult to be installed in
an existing beam-transport line. We have developed a
new-type FC having a suppressor-clectrode pair with a
Electrode-2

suppresses the secondary negative particles and collects

different polarity, as shown in Fig. 1.

secondary positive ions emerging from the cup. Hence, a
beam current has to be evaluated as total current of the cup
and electrode-2. The beam current of 100-keV Cg," beam
from the ion implanter was measured using the new-type FC
and the high-aspect ratio FC, respectively. As a result of
comparison of these beam currents, it was confirmed that
those values were approximately equal when the applied
voltage of electrode-1 and electrode-2 were more than 200V
and -200V respectively.  The new-type FC can be
downsized by one-seventh from the high-aspect ratio FC.
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Fig. 1 The schematic diagram of a new-type FC.
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Investigation of Phosphor Screens for Real-time Tuning of

Large-area Ion Beam Profile

Y. Yuri, T. Yuyama and T. Ishizaka

Department of Advanced Radiation Technology, TARRI, QST

The formation technique of a large-area ion beam with a
uniform transverse intensity distribution using nonlinear
focusing has been developed at the AVF cyclotron in
TIARA Y. To date, large-area (over 100 cm?®) uniform
beams of several different ions (H, He, C, Ar, and Xe) and
kinetic energies (4~27 MeV/u) have been achieved and
some of them are utilized for various applications.

In this beam tuning, the on-target two-dimensional (2D)
intensity distribution of the beam is monitored in real time
using phosphor screens and CCD cameras, and adjusted so
as to make it uniform by a combination of octupole and
A phosphor screen, DRZ-High
(Mitsubishi Chemical), is usually utilized since it exhibits

quadrupole magnets .

higher sensitivity, shorter afterglow, and it is easier to cut
sizes in comparison with a common alumina screen.
Because of its high sensitivity, the beam current is usually
highly reduced by inserting attenuation meshes in the

low-energy beam transport line *.

This is suitable for
reducing unwanted radioactivation of peripheral instruments
and for suppressing an increase in a radiation level in the
irradiation room. However, the attenuated beam current is
much lower than that required by users.

The problem here is that the formed uniform distribution
can sometimes change, namely, the uniform intensity
distribution of the beam can be slightly deformed when the
This
profile change is attributed to the change in the phase-space

attenuation mesh is removed for higher beam current.

distribution of the beam probably due to the space-charge
effect in the low-energy beam line and scattering at the

attenuation mesh.  Actually, similar phenomena were
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Fig. 1 Light emission response of DRZ-High, AF995R,
calcium fluoride, and PEN films to 10-MeV proton
beam irradiation. Dashed lines are the linear fitting
results for each sample.

reported also in other cyclotron facilities*”. Therefore, the
availability of various large-area phosphor materials was
investigated for real-time tuning of high-current ion beams®.

The beam-irradiation experiment was performed at the
LB course of the AVF cyclotron. Several phosphor
samples, DRZ-High (Gd,0,S:Tb), AF995R (Al,0;:Cr,
Desmarquest), calcium fluoride (CaF,:Eu), and polyethylene
naphthalate (PEN) films were irradiated with several ion
The light emitted
from the samples was observed with a CCD camera (Basler,
scA1390-17gc) and the 8-bit signal intensity obtained from a
The result on 10-MeV
The light
intensity was well proportional to the current density at low
current density for all samples. DRZ-High was the most
sensitive, and the sensitivities of AF995R and calcium
fluoride were about ten times lower than DRZ-High. For
PEN films, five different thicknesses were tested.
found that the sensitivity of PEN is approximately
proportional to its thickness and that PEN films are useful
for high-current proton beams.

beams at wide beam current densities.

captured image was analyzed.
proton irradiation is summarized in Fig. 1.

It was

Some of the films colored
slightly yellowish after irradiation, but there seemed no
deformation or melting due to beam-induced heating. This
indicates that a thinner film of the order of 1 um is useful for
a higher-intensity beam. PEN films were available also for
He and C ion beams, but, for Ar beams, the light intensity
was reduced quickly (in tens of seconds) because of high
linear energy transfer.

In summary, we investigated the beam intensity range of
several different phosphor screens for real-time tuning of the
large-area 2D fluence distribution. It has been found that
high-intensity beams can be monitored using calcium
fluoride and PEN films of different thicknesses for light ions.
The intensity range is 10°~10" nA/cm? for 10-MeV protons.
A large-area uniform ion beam can be adjusted efficiently at
a high intensity of the order of 10 nA/cm?, which is required
for radiation degradation/damage testing of materials.
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Effect of Incident Beam Angle for Beam Size Reduction in

the Several-hundred keV Ion Microbeam System

Y. Ishii and T. Ohkubo

Department of Advanced Radiation Technology, TARRI, QST

A several hundred keV compact ion microbeam system
with a three-stage acceleration lens (hereafter; compact
microbeam system) is developed step by step as a prototype
of a MeV compact ion microbeam system. The present
goal of the system is to form a beam size of 1 pum in
diameter at around 150 keV.

experimentally obtained beam size was improved from

In the last year’s study, the

17 um to 6 pm by reducing residual gas pressure". The
size reduction was achieved by making beam halo smaller at
the acceleration lens, in other word decreasing beam energy
spread on the basis of the collision of residual gas and ion
beam. The effect of the halo has, so far, been negligible in
the present system. Therefore the enhancement of the
demagnification of the three-stage acceleration lens was
required for the further reduction of beam size. The
demagnification is proportional to the inverse of the
divergence angle of an incident beam on the basis of the
In this study, the
demagnification was enhanced by injecting the ion beam

feature of the acceleration lens.

with smaller divergence angle into the first acceleration lens
which composes a part of the three-stage acceleration lens.
The schematic of the compact microbeam system and the
experimental set-up are illustrated in Fig. 1. The ion beam
of a smaller divergence angle from the ion source with
parallel extraction electrodes was generated by increasing
the electric field between the anode and the extraction
electrode on shortening the length between them from
15 mm to 10 mm. By the shortening, the electric field was
expected to be increased by about 28% using the electric
field simulation. To measure the beam sizes, the beam size
measurement system, which was placed downstream of the

third acceleration lens, consists of an electric beam scanner,
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Fig. 1 Schematic of several hundred keV compact ion
microbeam system with experimental set-up.

a sharp knife-edge made of diamond and iron, a Faraday cup
with a suppressor electrode, a pico-ammeter with resolution
of 0.1 pA, and a micrometer head of resolution of 0.1 um.
In the beam size measurement experiments, a microbeam
formed by the compact microbeam system was shifted
across the knife-edge using the electric beam scanner which
is connected to four power supplies controlled by a PC.
Beam currents of the microbeam were measured at the
image point by the Faraday cup which was placed
downstream of the knife-edge. The shifted distance of a
microbeam per one voltage of the electric beam scanner was
obtained by comparing a value of the laser displacement
meter corresponding to its microbeam position and the
applied voltage of its scanner. The beam size was defined
as full width at half maximum (FWHM) of the error
function, Erf, fitted into the beam currents on the
assumption that its beam was a Gaussian distribution.
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Fig. 2 Experimental result of beam size
measurement

The beam size experiment was carried out by finely
changing acceleration voltages of three-stage acceleration
lens on setting the extraction voltage at about 300 V in the
ion source. In the experiments, beam currents were
repeatedly measured as a function of the knife-edge position
on finely changing the voltages of the three-stage
acceleration lens. The beam sizes were evaluated from the
relationship between the beam current and knife-edge
position. The good beam size was shown in Fig. 2, which
was evaluated to be 4.7 um in diameter. The beam size
was reduced by about 22% as compared with the beam size
of 6 um. This result showed that the reduction of incident
beam divergence angle into the first acceleration lens was
effective to form a smaller beam size than the obtained one

in this study.
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Development of Metal ®*Ge Source for Generation of

Spin-polarized Positron Beam Using Carbon-sealed Capsule

M. Maekawa, H. Abe, A. Miyashita, H. Li and A. Kawasuso

Department of Advanced Functional Materials Research, TARRI, QST

For the
spectroscopy (PAS) method to the study of magnetic

application of the positron annihilation

substances, we have developed a spin-polarized positron

beam?.

We successfully observed novel spin phenomena,
such as field-reversal asymmetry of momentum distributions
of ferromagnet®. These experiments require highly spin-
polarized positron beam. For this purpose, we developed a
%%Ge positron source by irradiating a gallium nitride (GaN)
substrate with 20 MeV protons obtained from the TIARA
cyclotron. The GaN target is mechanically and chemically
stable, however, production ratio of %Ge nuclide is limited
because of containing nitrogen atoms. Moreover, natural
Ga consists of two isotope; “Ga (60%) and "'Ga (40%).
Only ®Ga contribute to the ®Ge production. To increase
positron beam intensity, pure “Ga metal target should be
used.

Since metal Ga has low melting point (29 °C), during
irradiation it is easy to melt and metallize surrounding
metals. To avoid leakage of radioactive %Ge, the metal Ga
was encapsulated with a carbon capsule as shown in Fig. 1.

Through the thin carbon films, proton beam is irradiated to

(a)

M1 bolt

Be film {(25um)

*—  Carbon film
(t =100 um)

Metal Ga
(t=1 mm,
¢=8mm)

Carbon pedestal

Fig. 1 (a) Schematic and (b) photograph of the source
capsule.

metal Ga and positrons are also extracted. For the
protection, the carbon film is covered by a beryllium
window. This structure passed a heat-resistant examination
under 1,000 °C.

This source has irradiated by 20 MeV proton beam
totally 9 times. Maximum ion beam current was 10 pA
and total dose reached to approximately 1,500 pAh. Figure
2 shows the transition of estimated ®Ge source amounts
during past 1.5 year. In the current irradiation schedule, the
source strength seems to be saturated at around 700 MBq.

Using this source, spin-polarized positron beam was
generated. The positrons emitted from the metal **Ge
source were moderated by a tungsten-mesh moderator
composed of 33 tungsten meshes with a wire diameter of
10 um. To improve the efficiency, a tungsten ring and
tungsten foils (25 pm thick) were added". This moderator
assembly was developed in reference to that for *Na source.
Positron beam intensity was confirmed to be 5 x 10% ¢'/s.
The conversion ratio is one order lower than that of **Na
positron source, because the average energy of emitted
positrons of ®Ge (~0.9 MeV) is higher than that of *Na
(~0.2 MeV). Development of a new moderator dedicated
for ®¥Ge source is expected.
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Fig. 2 Transition of estimated ®Ge source amounts
during past 1.5 year.
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Development of Production Technique of Track-etched

Porous Membranes Using Continuous Ion Irradiation

H. Yamamoto®, Y. Yuri, T. Yuyama®, K. Yoshida®, T. Ishizaka™, I. Ishibori ®,
S. Okumura?, H. Koshikawa ®, T. Yamaki®, Y. Maekawa ® and W. Yokota®

Y Nitto Denko Corporation, b)Department of Advanced Radiation Technology, TARRI, QST,
© Department of Advanced Functional Materials Research, TARRI, QST

It is well-known that radiation damage such as chain
scission is induced in a polymer membrane when it is

irradiated with an energetic ion beam".

The ion-induced
damaged part of the polymer gets more susceptible to
chemical etching. Therefore, it is possible to obtain a
polymer membrane that has many straight pores along each
ion’s trajectory by a combination of ion irradiation and
chemical etching. We are conducting a joint research for
the establishment of the production technique of such
track-etched porous membranes based on energetic
heavy-ion irradiation in TIARA.

The R&D experiment on beam formation and ion
irradiation was performed at the LB course of the AVF
cyclotron in TIARA. A roll-to-roll irradiation system was
developed for continuous ion irradiation of long polymer
membranes. The films rolled in the vertical direction were
uniformly irradiated with a horizontally-elongated "ribbon"
beam with a uniform intensity distribution in the horizontal

direction. Such a unique beam profile was generated by

means of nonlinear focusing of multipole magnets?. In
contrast to common scanning irradiation, uniform irradiation
using the stationary uniform beam is useful in that there is
no correlation between the irradiation uniformity and the
roll-to-roll speed of a sample. We have actually realized
the ribbon uniform beam as shown in Fig. 1. The
horizontal width and rms uniformity of the beam profile
were 17 cm and 4%, respectively in the present case. The
real-time beam current measurement during irradiation was

considered in order to develop the technique of evaluating
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Fig. 1 Measurement result of the 2D relative intensity

distribution of a ribbon uniform beam formed using
octupole nonlinear focusing. A Gafchromic film was
irradiated with 4.1-MeV/u Xe ion beam of 2 nA for 5 s.
The scaled intensity distribution was obtained from the
optical density of the film. The lower graph shows the
1D profile along the horizontal central axis.

the quality of the irradiated film, i.e., the stability of the
beam current and the fluence of the film. Therefore, the
relative change of the ion beam current was measured using
It has been
confirmed that there is a clear correlation between the

slits installed in the beam transport line.

measured relative beam current and the pore density during
In addition, it has been found that
the stability of the ion source is essential to achieve the

continuous irradiation.

continuous uniform irradiation.

Polymer films irradiated in the roll-to-roll system were
chemically etched to make porous membranes. The
surface of the films was observed using a scanning electron
microscope (SEM) to characterize the film. An example of
SEM images obtained is shown in Fig. 2. It has been
verified that irradiation can be
accomplished and thus porous polymer membranes can be

continuous uniform
properly produced in our roll-to-roll ion-irradiation system.
We plan to optimize various ion-irradiation conditions
such as ion species, kinetic energy of the ion beam, and the
sample atmosphere (vacuum degree) in order to further
improve the productivity of the ion-irradiation process.
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Fig. 2 SEM image of a track-etched polyethylene
terephthalate film (25 pum in thickness) irradiated with
3.3-MeV/u Xe ion beam. The film was chemically
etched using a 3-mol/L KOH solution at 80 °C for
15 min. The diameter of resultant pores was estimated
to be about 4 um from the image. The pore density
was 1.3x10° cm?, which was close to the estimated
fluence of the ion beam.
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Proton Beam Irradiation with a Beam Chopper Regulation

at the HY Port of TIARA

T. Sakashita a), S. Kurashima® and S. Onoda ®

2 Department of Radiation-Applied Biology Research, TARRI, QST,
b)Department of Advanced Radiation Technology, TARRI, QST,
2 Department of Advanced Functional Materials Research, TARRI, QST

Generally, the space radiation environment is classified
to the galactic cosmic ray (GCR) background and the solar
particle event (SPE) Y. The GCR consists of 85% protons,
14% helium and 1% heavier particles. The SPE includes
90% protons. Protons are main components of space
radiation. The extreme SPEs that had observed several
times could be potentially lethal or mission threatening.
Energetic protons are a significant radiation hazard to
spacecrafts and astronauts.
a potential risk of energetic protons to astronauts.

Our final goal is to investigate
In this
report, we present the proton beam irradiation system with a
rectangular pulse voltage beam chopper (P-chopper)
regulation ? at the cyclotron HY port of TIARA for
biological research.

The proton energy range of the extreme SPEs is mainly
less than 100 MeV. We had selected the 65 MeV proton
beam at the HY port to simulate the extreme SPEs, and had
proven the energy was successful at the other port of TIARA,
previously. However, the proton beam with the energy of
65 MeV had a so high that it could not stop at the metal
plate beam shutter for regulating irradiation dose. Figure 1

shows an image of alumina fluorescent plate of 65 MeV
proton beam passed through the shutter of the HY port.

T el R Y =

Fig. 1 An image of alumina fluorescent plate of 65 MeV
proton beam passed through the shutter of the HY port.

To avoid the issue of the shutter-penetration on 65 MeV
proton beam, we developed the proton beam irradiation
system with the P-chopper regulation.  This system,
installed in the injection line of the cyclotron, can shut off
the proton beam before acceleration. The P-chopper
simply regulated the irradiation dose by on/off action,
instead of a high repetition mode of a few kHz, to avoid
spotted irradiation resulting from simultaneous operation of
a 50 Hz beam scanner at the HY port. We confirmed no
spotted irradiation by a Gafchromic films exposed to the
proton beam for 15 min (Fig. 2).

Using the adjusted 65 MeV proton beam, we examined

Fig. 2 Gafchromic films exposed to the adjusted 65 MeV
proton beam for 15 min.

the relation between the current of the faraday cup and
proton beam fluence. CR-39 was used as a solid-state
nuclear track detector to diagnose proton beam fluence.
However, CR-39 cannot detect proton beam with an energy
of over 27 MeV by an etching method®. To reduce energy
of proton, we installed a nickel plate of 300 pum thick.
Figure 3 shows the etch-pits of the energy reduced proton
beam.

™~

Fig. 3 Etch-pits of 65 MeV proton beam reduced by the
nickel plate.

In conclusion, we have successfully obtained the
fluence-parameter of 1.55x 107 P/cm?/sec/nA for 65 MeV
proton beam at the HY port of TIARA.

References

1) G. A. Nelson, Radiat. Res., 185, 349-58 (2016).

2) S. Kurashima et al., JAEA Takasaki Annu. Rep. 2014,
JAEA-Review 2015-022, 148 (2016).

3) M. Kanasaki et al., J. Plasma Fusion Res., 88, 261-75
(2012).

- 170 -

QST Takasaki Annual Report 2015



3-14

Development of Flexible Mach—Zehnder Interferometer

Embedded in PDMS by Proton Beam Writing

W. Kada a), R. Saruya a), R.K. Parajuli a), S. Kawabata a), R. Sano b), K. Miura a), T. Satoh C),
M. Koka c), N. Yamada C), Y. Ishii C), T. Kamiya C), H. Nishikawa® and O. Hanaizumi ®

VF aculty of Science and Technology, Gunma University,
®) Department of Electrical Engineering, Shibaura Institute of Technology,
2 Department of Advanced Radiation Technology, TARRI, QST

Proton Beam Writing (PBW) is one of most-powerful
fast prototyping tools for micro-fabrication”. In previous
studies, we have successfully demonstrated the fabrications
of micro-optical devices including proto-type of
Mach-Zehnder (MZ) waveguide for integrated fiber
telecommunications using poly(methyl methacrylate)
(PMMA)? and poly-dimethyl-siloxane (PDMS)®. However
these waveguide structures were prepared on a solid
substrate and its structure is quite similar to the conventional
polymer waveguide fabricated by lithography techniques.
On the other hand, one of key features of PBW is the ability
of a long penetration length of protons which enables us to
form an embedded structure in the substrate. The feature is
quite unique and it is possible to produce flexible waveguide
structures without any interfaces or any junctions by
removing a supporting self-supported
polymer films. In this study, we have demonstrated the
fabrication of completely flexible MZ waveguide embedded
in a thin film of PDMS by precise control of PBW.

Thin PMDS (SYLGARD 184, Toray Dow Corning)
films with thickness of approximately 40 pm were prepared
by spin-coat process on a supporting silicon wafer (40x20x
0.5 mm). Then a self-supported PDMS film was removed
from the supporting silicon wafer and kept in air for 1 day at
room temperature before fabricating the MZ waveguide.
During PBW patterning procedure of the MZ waveguide®,
PDMS films were attached to an aluminum sample holder.
Figure 1 shows an example image of self-supported PDMS
film after PBW procedure.

substrate from

Fig. 1 An example of self-supported PDMS thin film
prepared by spin-coat process for PBW procedure.
MZ waveguide was formed inside of this PDMS film by
750 keV proton microbeam.

140mm PDMS film
& 0.5mm
"P@H

Fig. 2 Schematic illustration of the bending of a MZ
waveguide drawn in PDMS thin films by PBW
procedure. A small plastic pipe with diameter of 3 mm
was placed on a plane silicon substrate and a thin PDMS
film with MZ waveguide was placed on it. The NFP
images were obtained with and without the plastic pipe.

In a post process of the PBW procedure, near field
pattern (NFP) optical transmittance images through MZ
waveguide were evaluated using 1,550 nm fiber laser
(ECL-210, Santec) and IR vidicon camera (C2741-03,
Hamamatsu Photonics). Flexibility of the MZ waveguide
was evaluated by bending the polymer film by applying
external mechanical stress as illustrated in schematic in
Fig. 2.
non-bended and bended conditions as shown in NFP images

The optical throughput was sustained at both

in Fig. 3. These results suggested that MZ waveguide
structures embedded in self-supported flexible PDMS films
were successfully fabricated by observing NFP.
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(a) Bent Condition (b) Normal Condition

Fig. 3 Comparison of NFP images through MZ
waveguide, drawn on PDMS thin film, with bended and
non-bended conditions.
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Micro-structuring of Epoxy Resists Containing

Nanoparticles by Proton Beam Writing

R. Sano a), S. Hayakawa a), H. Hayashi a),

2) DeE

Nanomaterials in various forms such as particles, wires,
tubes, etc. have attracted much attention due to its superior
and unique properties”. If one can add the nanomaterials
into flexible materials such as plastics and rubbers while
keeping the original natures?
nanocomposites with th
desired functions.

, we can obtain functional

The present study is aiming at the micro-structuring of
plastics containing nanoparticles by proton beam writing
(PBW). An epoxy-based resist, SU-8 (Microchem, 3025)
typically used for PBW was used as a base polymer.
Nanoparticles such as alumina (<750 nm), silica (<14 nm),
silver (<100 nm), and carbon (<100 nm) were added to a
solvent for SU-8 and were mixed with SU-8 as a base
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H. Nishikawa a), Y. Ishii” and T. Kamiya ®)

artment of Electrical Engineering, Shibaura Institute of Technology,
)Department of Advanced Radiation Technology, TARRI, QST

polymer using a planetary centrifugal mixer. Samples with
thickness of several tens of um to 100 pm were obtained on

Si by spin-coating of SU-8 containing nanoparticles with a

concentration of 5.0 wt%. Proton beam writing was

performed at 1.0 to 3.0 MeV either using beamlines at
single-ended accelerators installed at SIT or TIARA.

In order to obtain contrast curves, 10x 10 dot patterns

with varied fluence from 1 to 100 nC/mm?* were written by

PBW, as shown in Fig.1 (a) and (b). Figures 2 (a) and (b)
show the SEM images of the patterned SU-8 layer and the

one with Ag nanoparticles, respectively. We compared the

contrast curves in Fig. 3 showing the remaining SU-8
thicknesses after development as a function of the proton
beam fluence obtained for the SU-8 films with and without
nanoparticles.

While the SU-8 layers containing various nanoparticles
are less sensitive to proton beam than pure SU-8, they still
show reasonable values of sensitivity (<5 nC/mm?) for PBW.
We also found that the pattern collapse can be avoided for

. the high-aspect-ratio structures made of the SU-8 containing
: : : : : : : : : : @@ these nanoparticles. These results indicate that the addition
- of nanoparticles is useful not only to add the functionalities to
@) (b) the resist, but to improve the mechanical stability of the
Fig. 1 (a) A dot array pattern and (b) the varied fluence for

high-aspect-ratio structures.
each dot written by PBW. The numbers in Fig. 1(b)
represent the fluence of 1.0-MeV proton beam in unit  References
of nC/mm?. 1) S. W. Song et al., IEEE J. Quant. Electron., 21(4),
4800212 (2015).

bl B B 2) S. Lietal.,Nano Rev., 1, 5214 (2010).
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Fig. 2 SEM images obtained for (a) SU-8 and (b) SU-8

layer containing Ag nanoparticles patterned by PBW

Fig. 3 Contrast curves obtained for SU-8 layers on silicon
at 1.0 MeV.

with and without addition of nanoparticles of Ag, SiO,,
Al,O3, and carbon.
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Development of Micromachining Technique Using

Heat-resistance Materials

T. Sakai®, H. Tikura®, M. Sugimoto”, T. Satoh® and Y. Ishii®

% Materials Science Research Center, SNSR, JAEA,
® Deg)artment of Advanced Functional Materials Research, TARRI, QST
 Department of Advanced Radiation Technology, TARRI, QST

In this work, we demonstrated the fabrication of fine structures made from polycarbosilane using the scanning proton
microbeam. The fabricated samples were observed with optical microscope. The results show that the micromachining on
mixture of polycarbosilane and SiC fine particles is successful. In conclusion, this new technique is very promising to

fabricate fine heat-resistance materials.
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Local Modifications of Semiconductor Surface by

Fast Cluster-Ion Irradiation
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Surface modification by energetic particle irradiation has
been investigated for developing corrosion resistant and
wear resistant materials in a surface engineering technique.
Since the pioneer study on semiconductor quantum dots by
jon sputtering has been reported by Facsko et al.", many
investigations have been carried out for compound
semiconductors.  According to Nitta et al. ?, porous
nanofiber layers are formed for ion irradiation of GaSb, and
its formation mechanism can be explained by a model based

on surface recombination of irradiation-induced void defects.

The formation of porous nanostructure is influenced by the
defect concentrations on surfaces which depend on
projectile species. Thus, an irradiation condition is an
important factor in the porous structure characteristic such
as a diameter of fiber or a layer depth.

In this work, we study the formation of porous structure
by irradiation with fast cluster projectiles. Cluster size
dependence of the structure formation is investigated for
GaSb targets irradiated with small cluster Cu,," (n=1-3) and
Cgo projectiles.

The experiments were performed at the two accelerator
facilities of TIARA and Kyoto University. In the
irradiation experiments at TIARA, we used 120 keV Cg
projectiles obtained from a 400 kV ion implanter equipped
with a Freeman-type ion source. In the experiments at
Kyoto University, projectile beams were Cu, (n=1-3) ions
with incident energy of 400 keV/atom obtained from a
2.0 MV Pelletron-type tandem accelerator. A target
sample was GaSb semiconductors with a polished surface.
A well-collimated projectile beam was injected parallel to
the surface normal of sample. According to the previous
study on porous structure formation in GaSb samples
irradiated with low-energy atomic heavy ions 2, the
following condition concerning the amount of defect
production must be satisfied for formation of porous
structures: the amount of defects produced at the surface
layer of 20 nm thickness is more than 1,600 defects per a
single projectile impact.  Based on this result, we
determined the beam fluence required to form porous
structures, using a TRIM code®. In the present experi-
ments, beam fluence was set to 1x10°-1x10' jons cm™.
A target temperature was kept at room temperature during
irradiation. Observation of surface structures was
performed using a field emission scanning electron

microscope (FE-SEM) at Kochi University of Technology.

Figure 1 shows SEM images of GaSb surfaces irradiated
by Cu," (n=1-3) with an energy of 400 keV/atom at
different beam fluence. The diameters of porous fiber
become large with increasing a cluster size at the same
fluence. For instance, at the fluence of 1x 10" jons cm?,
the fiber diameter for Cu; " projectiles is significantly large
compared with that for Cu, " projectiles. Next, we compare
the structure change at the fluence considering the
constituent atom number of cluster particles. In
comparison of results for Cu,” projectiles at 1 x 10'
ions cm? and Cus;" projectiles at 1 x 10" ions cm?, the
former represents a narrow fiber structure and the latter
indicates the rounded form at the tip of fiber. This implies
that the number of defects produced is not proportional to
the cluster size.

In the Cgq' irradiation experiments, the structure
formation was not observed, suggesting that defect
formation is reduced compared with that for single atomic
projectiles (C ions).
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Fig. 1 SEM image of porous structure formed on GaSb
surfaces by irradiation of Cu,” (n=1-3) projectiles with
an energy of 400 keV/atom at the difference fluence of
1x10"°-1x10'® ions cm™.
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Ion Irradiation Effect on Magnetic Properties of

FeRh Thin Films with Energetic Carbon Single and
Ceo Cluster Ion Beam

T. Matsui®, R. Soma

, Y. Saitoh C), M. Sakamaki d), K. Amemiya D and A. Twase
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FeRh alloy with B2 (CsCl-type) crystal structure exhibits
unique magnetic behavior of a first order antiferromagnetic-
ferromagnetic phase transition, which has been expected to
be used for spin devices utilizing the exchange bias effect".
We previously reported that the magnetic state of FeRh
could be controlled by ion beam irradiation with various
energies 2. Hereby, we revealed that the ion beam
irradiation induced the ferromagnetic state in FeRh bulk and
films below room temperature, where they were originally
in the antiferromagnetic state. We also found that gold
cluster ion beam irradiation can be considered to effectively
modify the magnetic nature of B2-type FeRh rather than the
single ion beam”. 1In order to definitely confirm this, we
have investigated the effect of ion fluence of energetic
carbon cluster ion beam on magnetic and structural
properties of FeRh thin films.

FeRh thin films were irradiated with various ion fluences
of 5.0 MeV Cg cluster ions as well as with 83 keV single C
(C1) ion beam at QST-Takasaki.
beam irradiation on magnetization were evaluated by using a
SQUID magnetometer as well as by XMCD measurements
in both total electron and fluorescence yield modes at
BL16A of KEK-PF.

When a couple of atoms constituting a cluster ion

Effects of cluster ion
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Fig. 1 Fe L,;z-edge XMCD spectrum for the sample
irradiated with 83 keV C1 ion with the ion fluence of
1.5x10™ /em?®.

processes can be realized. Hence, the lattice defects to be
ascribed to the change in the magnetic natures of FeRh can
be introduced in the FeRh films in different way from the
case in the irradiation with the conventional single ion beam.
Figure 1 shows the Fe L,,3-edge XMCD spectrum for the
83 keV Cl1 ion beam irradiated FeRh film with the ion
fluence of 1.35x 10" /cm®. In contrast, the unirradiated
sample did not show any MCD signal suggesting the
presence of magnetization, the C ion irradiated sample show
fairly large the FelL,;-edge MCD spectra. This fact
simply indicates that magnetic moment of Fe atom was
increased by Cl ion beam irradiation. =~ Whereas, the
5.0 MeV Cg ion irradiated sample (2.25x 10" /em?) also
shows the MCD signal as shown in Fig. 2. Its intensity is,
however, smaller than that for Cl ion beam irradiation.
These facts suggest that C60 cluster ion might deposit the
considerably high elastic energy at the film surfaces rather
than C single ion.
Further
experiments are required to support this view.

This may be due to the cluster ion effect.

researches such as ion fluence dependence
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Fig. 2 Fe L,;3-edge XMCD spectrum for the sample
irradiated with 5.0 MeV Cg ion with the ion fluence of
2.25%10" /em’.
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Ion Induced Luminescence Measurement from Alumina

Irradiated with Swift Carbon Cluster Ion Beams
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Our purpose of this study is to elucidate the
characteristics of the interaction between energetic cluster
ions and solids by means of measuring luminescence from
solid surfaces irradiated with cluster ions. We report
current results of luminescence measurement from sapphire
target irradiated with carbon cluster ions.

Luminescent spectra from alumina (a-Al,Os) induced by
0.25 ~ 3.0 MeV/atom (21 ~ 252 keV/u) C;" ~ Cs" ion
irradiation were measured in the wavelength range of 250-
800 nm as a function of ion fluence at room temperature.
Cluster ion beams accelerated by the TIARA 3 MV tandem
accelerator were used for this study. Beam intensities were
typically 2.5 nA for C,” and 50 pA for Cs' ions at
0.5 MeV/atom. The luminescence measurement has been
carried out by using an optical multichannel analyzer.
Cluster ion size and energy dependences of incident cluster
ion beams on luminescence intensity have been measured.
Ion induced luminescent spectra peaked at 326 and 411 nm
were observed. Luminescence of 326 nm was identified as
F' center, whose intensity grew up and decayed gradually
with irradiation. Luminescence of 411 nm was F center,
whose intensity grew up rapidly and decayed faster than F*
center luminescence with irradiation. Intensities of
luminescence reached peaks with less fluence as the cluster
size increased.

The incident cluster ion size dependence on the yield
ratio of the F' center luminescence from alumina target is
shown in Fig. 1. The incident energy dependence is also
shown in this figure. In this study the maximum intensity
of luminescence was set as the luminescence yield, since the
intensity of luminescence was dependent on the ion fluence.
Each yield was compare to the yield for C," ion irradiation.
Ratios R, of luminescence yields from alumina target
irradiated with 0.5, 1.0 and 1.5 MeV/atom C," ~Cs" incident
cluster ions to that for C," ion are described as R, = I(n)
/nl(1), where n is number of cluster ion, /(n) is the yield for
C," cluster ion and I(1) is the yield for C," ion. The
luminescence yields increase as the cluster sizes increase for
every incident energy range, but the ratios R, become less
than unity except for the case of 1.5 MeV/atom. The ratio
is unity if the yield increases linearly as cluster size
increases. This tendency also appears in the theoretical
calculation of the stoppin% power (S=-dE/dx) for the united
atom limit of cluster ions". The ratio R, of stopping power
of cluster ion to that of single atom ion describes as
R, =S8(n)/nS(1). This value is independent to kinds of
targets and depends on incident velocity only. The
experimental data show the same tendency as the calculation
of stopping power theory, and exist between unity and the
value for the united atom of the cluster ion. This suggests
that luminescence caused by irradiation defects directly
relates the stopping power of incident cluster ion.

On the other hand, Kaneko has calculated the stopping
powers of carbon cluster ions on alumina recently 2 shown
in Fig. 2. This calculation shows the ratio of over 1 for
cluster number below 6, but experimental data almost lie
below ratio of 1, although the tendency of calculated results,
which shows the broad peaks, is similar to the experimental
results of 1.0 and 2.0 MeV/atom cases. This means that the
stopping power does not relate directly defects of alumina.
Further analysis is progressing.
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Fig. 1 The ratios of yields of luminescence from F* center
of alumina target irradiated with 0.5~1.5 MeV/atom C,"
~ Cg" projectiles to that for C," ions in each energy
indicate with circles, closed circles, triangles and

crosses. Dashed and dotted lines show the theoretical
stopping power calculation for the united atom of
projectile.
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Fig. 2 Calculated results of the ratios of stopping power of
alumina target irradiated with 0.5~1.5 MeV/atom C," ~
Cs" projectiles to that for C," ions.
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Transmission Secondary Ion Mass Spectrometry of

Peptides Using 5 MeV Cg,' lIons
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K. Hirata® and K. Kimura

2 Department of Micro Engineering, Kyoto University, ” Department of Advanced Radiation
Technology, TARRI, QST, ¢ National Metrology Institute of Japan, AIST

Recently, we have measured secondary ion yields
emitted in the forward direction upon transmission of MeV
Cgo ions through thin film samples. We found an
enhancement of the yield of intact amino acid molecule and
reductions of fragment ion yields in the forward direction

compared to the backward direction”.

The result demon-
strates a large advantage of this new technique, transmission
SIMS using MeV Cg ions, for the analysis of biological
In this work, we extend our previous study to
larger biomolecules, namely peptides.

Self-supporting amorphous silicon nitride (a-SiN) films
(2x2 mm?) of thickness 50 nm were purchased from Silson
Ltd (Northampton, UK). Leucine-Enkephalin films of
several tens nm thickness were prepared on the a-SiN films.

A beam of 5 MeV Cq," ions was produced by a 3 MV
tandem accelerator at JAEA/Takasaki.
collimated by an aperture (diameter 0.2 or 1 mm) and

materials.

The beam was

incident on the sample from the a-SiN side at 45° with
The ions passing through the
film were detected by a silicon surface barrier detector

respect to the surface normal.

placed about 110 mm downstream from the specimen.
Positive secondary ions emitted in the forward direction
from the Leucine-Enkephalin film were accelerated between
the specimen and a mesh electrode biased at +1.0 and
—0.7 kV, respectively and detected by a micro-channel plate
(MCP) after traveling through a drift tube of ~600 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
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Fig. 1

Mass spectra of positive ions emitted from
Leucine-Enkephalin/a-SiN films under 5 MeV Cg," ion
bombardment.

in a list mode. We also measured the secondary ions
emitted in the backward direction from the Leucine-
Enkephalin film. In the backward measurement, the drift
tube and MCP were moved behind the sample (135° with
respect to the beam direction) and the Leucine-
Enkephalin/a-SiN film was rotated by 180° so that the
secondary ions emitted from the entrance surface of the
Leucine-Enkephalin 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. There are well-defined
peaks at m/z=556, 578 and 594. These peaks correspond
to protonated Leucine-Enkephalin, sodium and potassium
adducts of Leucine-Enkephalin, respectively.
also many peaks at lower mass numbers, which correspond
to fragment ions. Figure 2 shows the forward to backward
yield ratios of the observed secondary ions as a function of
m/z. The yield of potassium adduct ion is enhanced by
50% in the forward direction compared to the backward
direction.

There are

The ratio decreases very rapidly with decreasing
m/z indicating that the almost all fragment ions are
suppressed in the forward direction. These behaviors are
similar to the result of amino-acids observed in our previous
study, indicating that the transmission SIMS using MeV C
ions is a promising technique for the analysis of large
biomolecules.
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Fig. 2 The ratio of the forward to backward yield of the
secondary ion as a function of mass number. The ratio

increases with m/z.
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Secondary Ion Emission from a Hafnium Oxide Film

Target upon Sub MeV Cg Ion Impacts
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Secondary ions (SIs) are emitted from the target surface
upon a primary ion impact on the target. Cluster ion
impact gives different SI emission yields per incident atom
compared with those for monoatomic ions because of their
peculiar irradiation effects caused by simultaneous energy
transfer from the constituent atoms of the cluster to a small
area of the target surface V. Generally, the larger the
primary cluster ion is, the larger the enhancement effect is
on SI emission yields. Cg is one of the most useful
primary cluster ions for SI mass spectroscopy due to its
large cluster number and stability. We had developed
time-of-flight (TOF) SI mass spectroscopy using primary
sub MeV Cy ions®. In this paper, we report comparison of
SI yields from a hafnium oxide film on a Si wafer (HfO,/Si
target) for incident ion impacts of Cgy ions with an energy
range from 30 keV to 120 keV by TOF SI mass analysis
combined with SI electric current measurements.

The HfO,/Si target was prepared by depositing a hafnium
oxide film on one side of a single crystal silicon (100) wafer
by magnetron sputtering. The thickness of the film on the
SI emission yield
measurements for the target were performed using a TOF

wafer is estimated to be 5 nm.

mass analyzer combined with pulsed ion beams produced by
a 400 kV ion implanter of the Japan Atomic Energy Agency
(JAEA)/Takasaki, which has been described elsewhere?.

For quantitative comparison of SI emission yields under
various irradiation conditions, peak intensities of the TOF
spectra was scaled with the condition of the same number of
incident impacts by scaling the total count of each spectrum
based on gl,/1, and gI/I, (¢: incident ion charge number, /,:
incident beam electric current, I,: positive secondary ion
current for each irradiation condition), respectively. [, and
I, are directly measured using highly sensitive electrometers
respectively connected to a Faraday cup and a movable
metal plate with a grid, as described elsewhere®.

Figure 1 shows the positive SI TOF spectra of the
HfO,/Si target for (a) 30 keV Cq,', (b) 60 keV Cq,", and (c)
120 keV Cg", respectively. The relative SI intensity on the
vertical axis is proportional to the SI yield per Cqy impact, as
the total counts of the spectra are scaled based on gl,/I, as
described above. The peaks for Hf,0," (n=1,2«+«,
m=0,1,2-) are originated from the HfO, film. The
Hf,0,," peaks for (c) 120 keV Cg" were observed up to
more than n=12 and those having larger n numbers were
obscured by the background signal. We note that the

Hf,0,," peak intensities decrease with decreasing incident
energy. This result demonstrates that increasing the
incident energy of primary Cgy ions is advantageous for
sensitive detection of the characteristic SIs of the HfO, film.

In conclusion, the use of impacts of Cg ion with the
increased incident energies provided higher yields of the
characteristic positive SIs for the HfO, film and
advantageous for highly sensitive chemical analysis of the
HfO,/Si target.
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Fig. 1 Positive secondary ion TOF spectra of HfO,/Si

target for (a) 30-keV Cg,", (b) 60-keV Cg', and (c)
120-keV Cq .
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Since highly accelerated cluster ions with MeV energies
serve as new radiation sources useful for future industrial
applications, understanding of these ions is strongly
demanded. We directed our researches to the visualization
of interactions between a series of cluster ions, in particular
for Cg ions, and organic materials. Previous related
researches include the observation of latent tracks of Cgg
cluster ions irradiated to thin films of Cgy by transmission
electron microscopy (TEM)". Meanwhile, our group have
developed a novel method to isolate nanowires on substrates
via intra-track cross-linking/polymerization reactions using
high-energy single particles and the following development
process using organic solvents >¥. So far we have
demonstrated this technique by using single ions beam and
cluster beams composed of a couple of ions. Here we
newly used Cq cluster ions to observe the fabricated
nanostructures and visualize the interactions between a Cgo"
ion and organic materials.

Six MeV Cg," ion was generated by a tandem accelerator
at TARRI. For the observation of tracks of a single cluster
jon, the fluence was set at 1.0 x 10° cm™ to avoid the
overlaps of ion trajectories. Target thin films of small
organic molecules were prepared on Si substrates by the
spin-coating method. The dominant experimental results
are shown in Fig. 1. Before irradiation, the surface of a
film of N,N'-diphenyl-N,N'-di(m-tol-yl)benzidine (TPD) was
smooth as evidenced by atomic force microscopy (AFM)
(Fig. 1a). After Cg' ion irradiation, we found that the

surface areas of the ion trajectories swelled (Figs. 1b and 1e).

Furthermore, development of these irradiated films afforded
nano-sized gelation that were made by the chemical
reactions along the ion trajectory induced by the energy
deposition of high-energy particles, resulting in the isolation
of nanostructures in the substrates (Figs. 1c and 1d). The
shape of the observed nanostructures was different from
those observed for the irradiation with single particles as
well as Al cluster ions. Namely, the shape of the isolated
nanostructures after development processes, shown in Figs.
Ic and 1d, implies the coulomb expansion of the Cq," ions
after its collision with organic films.
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Fig. 1 AFM images of a film of N,N'-diphenyl-N,
N'-di(m-tol-yl)benzidine (TPD) (a) before and (b) after
irradiation with 6.0 MeV Cg ions at a fluence of 1.0x
10° cm™?.  AFM images of a film of (c) TPD and (d)
4,4' 4"-tri-9-carbazolyltriphenylamine after irradiation
with 6.0 MeV Cy ions at a fluence of 1.0x 10 cm™ and
then developed with (c) hexane or (d) cyclohexane.
(e) Height profile along direction indicated in (b).
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Production and Destruction of Swift MeV/atom Carbon

Cluster Ions in Collisions with Target Gases
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Swift cluster ion beams have been utilized to study
various phenomena on basic and applied fields'™>. In a
tandem accelerator, collisions of negatively charged clusters
with charge-changing gases will govern the intensity of
positively charged cluster ions. This study aims to
understand elementary processes regarding charge changing
and destruction processes, which are occurred in charge
changing region in accelerator. The basic equation here is
the rate equation, which describes the charge state fraction
@.(x) of a cluster in charge state i at penetrating depth x in
the charge-changing region:

do.
Zx(_x) = Z[”v $,() =P, $,(x)]- P, 4,(x)

Here we have })ij = No-ij and P,=No,: where
Oy and O, are the cross section for charge changing
from i to j of a cluster and the destruction cross section for a
cluster in charge state 7 in collision with a target gas, N is
the number density of a target gas. Here we considered
charge state { =—1,0,1. Solving the above equation
under the initial condition of ¢,(0)=1,¢,(0)=0, and
#,(0) =0, one has the expression of ¢, (x). Ina simple
case where we assume 0, =0, (j=-100) and roughly
estimate the magnitude of the charge-changing cross

sections, we have
4,(x=L) =exp(~No, L)[1 ~exp(-No, L)]

after transmitting the charge-exchange region of depth L.

In the above, the production cross section o, is roughly
equal to o, . This equation means that only two cross
sections control the fraction of singly charged cluster ions.
From experimental view point, the factor NL will be
controlled by the target gas pressure.

Regarding the destruction cross section, we first consider
the geometrical model 9 based on the cross sections of
individual atoms/ions. section
o,()= ab? of single atom, destruction cross section
o,(n) of a lincar-chain cluster composed of n-atoms with

Assuming the cross

interatomic distance R is obtained by

2 4y - Da
o, )
where o is a function of R and d, and ¢ <1 for

R<2b and o =1for R>2p. This n-dependence is

seen in an experimental report. Here ¢ depends on the

model, and also cluster structure. The model of a cylinder
with two semi-sphere yields a simplest expression of ¢ .
Apart from the geometrical model, we studied this
problem in a quantum-mechanical treatment. According to
the time-dependent perturbation theory, the destruction and
the production cross sections are regarded as the electron
stripping cross section of a cluster excited by an incident
neutral (target gas) atom, if it is seen in the projectile frame.
In the collision of a C, ion with a rare-gas atom, the
transition amplitude of an electron from the initial (i) state to
a final (j) state is calculated in the frame of impact parameter
method, where the projectile is assumed to move on a
straight-line trajectory at constant speed. In case of a
carbon cluster atom, the initial states are 1s, 2s, and 2p states,
whose Hartree-Fock (HF) wave-functions are listed. Here
we use only the radial distribution function because the
angular distribution is assumed to be averaged. The final
Using the
single electron ionization probabilities as a function of

state is expressed by a distorted plane wave.

impact parameter together with the independent-electron
model, we estimate the one- and two-electron ionization
cross section as the production and destruction cross section,
In collision of 2.4 MeV C, with Ne target, the
cross sections for ionization of 2s and 2p state are
3.9%x107' em? (2s) and 5.1x107'° em? (2p), respectively.
For destruction, the cross section for 2s-2s ionization (one 2s

respectively.

electron from a C atom and another 2s electron form the
other C atom) is 8.1x107'® cm’ and that for 2s-2p is
8.5x107" em’.
show a similar profile of the experimental particle yield” of

These calculated results are found to

C," ions traversing Ne gas region as the charge-changing gas.
This study will derive qualitative agreement with the
experimental data, so that we will refine the present
treatment as a next step.
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Study on Interaction of Swift Cluster Ion with Matter
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1. Investigation of a transmission ratio of cluster ion
through a tandem accelerator

Transmission ratio of cluster ions through a tandem
accelerator, Rt=1;,/I,,, depends on a sort of charge exchange
gas, where [, and [, are the beam current of negative
cluster ions injected into a tandem accelerator and that of
positive cluster ions passed through a tandem accelerator
without destruction, respectively. We previously described
that a higher transmission ratio was obtained by using a
helium gas comparing with a nitrogen gas which is generally
used for charge exchange gas, and an improved ratio, R;=
Ry/Ry increases with increasing of the number of atoms
composed of a cluster ion by means of carbon cluster up to
N=10, where Ry, and Ry are transmission ratios using
helium gas and that using nitrogen gas for a cluster ion with
same N, respectivelyl). In this time, R; for a C4y ion beam
was investigated because an intense beam of Cg, becomes
available by development of an ion source. As a result, R,
of Cg is about two times higher than that of Cy,.

2. Study on orientation-angle dependence on irradiation
effects

We attempted a formation of C, ion beam enriched in the
molecules oriented parallel to the beam direction, in order to
investigate a relationship between irradiation effects and
orientation angle of a swift cluster ion. The divergence
angles of C ions from the foil-induced dissociation of C,
ions after passing through an Ar gas target were measured
with a Coulomb explosion imaging technique, because the
divergence angle correlates with the orientation angle at the
dissociation process. The average of the divergence angles
was smaller than that of C, ions not passed through the gas
target. This result suggests that the oriented beam was
formed. Using the oriented beams, we will demonstrate
that the average charge of the constituent ions of C, ions
emerging from the foil depend on the orientation angle of

the incident C, ions to the foil.

3. Study on low-energy ion irradiation response of
Gafchromic radiochromic film

The transverse beam profile and the two-dimensional
(2D) fluence distribution
important experimental parameters since they are directly
related to the irradiation effect on a sample. We, therefore,
studied the feasibility of a Gafchromic film, HD-V2
(Ashland Inc.) as a handy measurement technique of such

in scanning irradiation are

beam profiles at a high spatial resolution for low-energy
(~keV/u) ions?. The coloration of HD-V2 is expected to
occur due to rather low-energy ion irradiation because the
active layer (12 pm in thickness) is not covered with a

surface-protection layer.

HD-V2 films were irradiated with '2C ion beams between
27 MeV/u and 1.5 keV/u from the AVF cyclotron, the 3-MV
tandem accelerator, and the 400-kV implanter in TIARA,
and then digitized at a high spatial resolution of 508 dpi
using a scanner ES-10000G (EPSON). The optical density
(OD) was obtained from the 48-bit RGB color values using
the following equation: ODy=1log;¢(65,535/Iy), where Iy is
the 16-bit color value in a red, green, or blue color channel.

The result is summarized in Fig. 1. The linear-response
OD range, the sensitivity, and the maximum OD depend
strongly on the kinetic energy of the beam. The OD
increment is well proportional to the fluence at low fluence
when the kinetic energy of the incident beam is higher than
10 keV/u, as depicted by the dashed lines in Fig. 1.
In contrast, the OD change was very small and entirely
nonlinear with respect to the fluence when the kinetic
energy is below 10 keV/u. We actually confirmed that the
high-resolution fluence distribution can be obtained for ion
beams with the kinetic energy of the orders of 10 keV/u.

It can be concluded, from these results, that HD-V2 is
practically available to low-energy ion beams down to
approximately 10 keV/u. We have started a comparative
study on the coloration response to Cg, cluster ion
irradiation.
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Fig. 1 Net OD response of HD-V2 to C-ion irradiation at
different kinetic energies. The net ODs in the red
channel are plotted as a function of the fluence.
Dashed lines are the linear fitting results in a low
fluence region.
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Kinetic Energy Distributions of 4-MeV C" and C*" Ion

Beams Guided by a Cylindrical Glass Channel

K. Motohashi 2)

, Y. Saitoh b), N. Miyawaki ® and K. Narumi”

a)Department of Biomedical Engineering, Toyo University,
Department of Advanced Radiation Technology, TARRI, QST

The phenomenon wherein ion beams pass through
insulator capillaries while maintaining their initial energy
and/or charge states is called the guiding effect. The effect
was first observed by Stolterfoht et al.” for 3-keV Ne’" ion.
A considerable fraction of highly charged ions (HCIs) was
guided through a thin polyethylene terephthalate foil with
nanometer-sized multicapillaries even though they were
actually tilted with respect to the incidence direction. The
focusing of a 2-MeV He' ion beam via tapered glass
capillary optics was subsequently achieved by Nebiki et al®.
A density enhancement exceeding a factor of 10 was
reported for the excited ions. However, no clear deflection
of ion beams without significant energy loss has yet been
observed during the transmission of megaelectron-volt ion
beams. Therefore, we conducted an experimental
evaluation on the transmission properties of 4-MeV C ions
entering a curved glass channel to clarify ion—surface
interactions occurring at the inner wall®. We expected that
multiple scattering on the curved surfaces may result any
change on the ion trajectory. Transmissions at larger tilt
angles (0) than those imposed by geometrical limitations
were observed. Furthermore, no significant energy loss
was observed in the kinetic energy distributions (KEDs) of
the transmitted ions at |0] <3°. These results therefore
suggest that any guiding effects ultimately act upon the
transmission process. In this study, the influence of initial
charge states of 4-MeV ion beams on guiding effects were
investigated by comparing C** with C*.

Figure 1 presents a schematic illustration of the
experimental setup. A narrow, curved channel (gap:
1.2 mm) was formed by a pair of cylindrical concave and
convex glass lenses (curvature: 156 mm) facing each other.
The channel was tilted with respect to ion-beam axis around
the entrance hole. Transmitted ions were detected by a
silicon surface barrier detector (SBD) at an observation
angle ¢. The KEDs of the transmitted ions were measured
using an SBD at various tilt angles (#) and observation
angles (¢). The KEDs of the transmitted ions for several
and ¢ combinations are shown in Fig. 2 (for C*) and Fig. 3
(for C*). Nearly all transmitted ions maintained the initial
KEDs of the primary C" and C*" ion beams at |6] < 3°.
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Fig. 1 Experimental setup.
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Fig. 2 Kinetic energy distributions (KEDs) of transmitted
ions for incidence of 4-MeV C" ions.
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Fig. 3 KEDs of transmitted ions for incidence of 4-MeV
C*" ions.

Hence, there was virtually no discernible difference between
the subject findings for C* and C*. In summary,
transmission without significant energy loss at wider 6 than
those imposed via geometrical limitations was also
demonstrated this time. One of the reasons of the fact that
no clear difference between C™ and C*" was found may be
very low fluence rate of incident ions. Low ion current
(<0.2 pA) reduced for protection of the SBD could not
cause any charge up.
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Analysis of Linear Energy Transfer Effects on the

Scintillation Properties of Ce-doped Gd,SiOs5(GSO)
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Ce-doped Gd,SiOs (GSO) is a well-known commercial
scintillator and widely used in various applications. One of
the characteristics of the scintillation properties of Ce-doped
GSO is a slow rise in the scintillation temporal profile.
Our recent research on several scintillators strongly suggests
that a slow rise in the scintillation temporal profile leads to a
significantly different temporal profiles for different linear
energy transfers (LETs)'?. From this viewpoint, LET
effects on the scintillation of Ce-doped GSO are interesting.
In addition, we have sufficient basic knowledge on the
optical and scintillation properties of Ce-doped GSO in a
large number of previous literatures. In this study, we
analyzed the LET dependence of the temporal profiles of
scintillation in Ce-doped GSO crystals with different Ce
concentrations, which exhibit different rise time.

The pulsed ion beam irradiation was performed using an
azimuthally varying field (AVF) cyclotron at Takasaki Ion
Accelerators for Advanced Radiation Application (TIARA),
Takasaki Advanced Radiation Research Institute, Japan
Atomic Energy Agency (JAEA). The details of the
measurement system have been described in a previous
paper ».  Temporal profiles of scintillation at different
LETs were obtained using pulsed ion beams of 20 MeV H',
50 MeV He*", and 220 MeV C™".

Figure 1 shows the temporal profiles of scintillation of
GSO-doped with Ce at 0.5% under pulsed ion beams
irradiation in the rise part.  The time profiles are
significantly different for different LET values. The rise in
the time 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 glass matrix to emitting Ce** centers.
In general, light yield is lower for higher LET. 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 slightly different for 20 MeV H'.  Thus, the
LET effects in GSO originate from quenching owing to the
interaction among excited states in the host matrix prior and
after the energy transfer from the host to Ce’’, and
quenching occurs on the time scale of several to several tens
ns.
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Fig. 1 Scintillation temporal profiles of GSO doped
with Ce at 0.5% for different pulsed ion beams in the
rise part.
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Fig. 2 Scintillation temporal profiles of GSO doped
with Ce at 0.5% for different pulsed ion beams in the
decay part.
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Periodical Calibration of Ionization Chamber System for

%Co Gamma Ray High Dose Rate at Radiation Processing

H. Seito”, Y. Nagao, T. Agematsu® and T. Kojima "
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In the gamma ray irradiation facilities at TARRI, QST,
various types of radiation processes are frequently required.
Therefore, wide ranges of dose and dose rate have to be
covered. Two different chemical dosimeters (alanine
dosimeters and PMMA dosimeters) are useful as routine
dosimeters, but these dosimeters cannot cover wide dose
ranges. Although calorimetry is considered to be the most
reliable calibration method, it is not practical in irradiation
primary
The ionization chamber is the simple,

facilities, except in

1,2)

standard  dosimetry
laboratories
practical and reliable method used as reference dosimeters
for wide dose and dose rate ranges of “°Co gamma rays.
We conventionally use two different types of ionization
chambers. Parallel-plate ionization chamber and thimble
ionization chamber are mainly used in ®°Co gamma ray
irradiation fields whose dose rates are the order of
several kGy/h and that of several Gy/h, respectively.
Thimble chambers are also useful as reference dosimeters in
the geometries of measurements with a very wide
distribution of the gamma ray incidence angle for which the
parallel-plate ionization chambers cannot be applied.
Through periodical calibration of the ionization chamber at
national standard laboratory and routine measurement of
TARRI, we

characteristics of the parallel-plate ionization chamber and

dose rate at have examined various
thimble ionization chamber at the high dose rate in %Co
Calibration of such high
dose or dose rates is not easy to be performed at the present
dosimetry

characteristics of most of their radiation fields can provide

gamma ray irradiation facilities.

national  standard laboratories,  since
collimated gamma-rays from a point source and lower dose
rates, which are quite different from those of panoramic
Table 1

Our ionization

radiation fields used in radiation processing .
shows specification of ionization chamber.
of the
electrometer and high voltage power supply.

ionization chamber,
If the
ionization chamber is calibrated in a standard “°Co gamma

chamber system consists

ray radiation field, the exposure rate is evaluated by using
the calibration factor to convert from the measured current
value?. The reliability of reference dosimetry in the
TARRI at QST is maintained by periodic checks of
traceability against
measurements in National Institute of Advanced Industrial
Science and Technology (AIST). Table 2 shows the result
of a conversion factor (C/kg/h/A) given by AIST for the past
The individual difference between

national exposure rate standard

approximately 12 years.
the instruments of the ionization chamber was slightly seen,
but the conversion factor that AIST gave has been very
stable, which attain uncertainty of 1.0% at confidence level

except 2009. These results give confidence in the precision
in gamma-ray absorbed dose measurement at QST using a
parallel-plate ionization chamber and a thimble chamber as a
They also demonstrate that the
operation of the QST ionization chamber system is sufficient

reference dosimeter.

to perform the exact dose evaluation at radiation processing
dose levels.
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Table 1  Specification of ionization chambers.
Chamber type Parallel-plate Thimble
Volume (mL) 0.3 0.6
Wall material Al Al

Applied voltage 150 450
V)
*Measureable 3.69E-01 ~ 5.74E-03 ~
dose rate (C/kg/h) 5.30 E+02 5.11E-01
Number JTC-8 No. 730 C-110 No.1049
C-111P No.1083 | C-110No.1187

*This value is based on our experimental data.

Table 2  Conversion coefficients (C/kg/h/A) of QST
ionization chambers given by AIST periodically. The
coefficient values are under condition of 22 °C and
1,013.25 hPa. Uncertainty in calibration =1.0% at
95% confidence level. The mark “—” in below table
represents the calibration was not scheduled.

Year JTC-8 C-111P C-110 C-110
No.730 No.1083 No.1049 No. 1187
2004 7.68E+09 — — —
2005 7.70E+09 — — —
2006 7.67E+09 - — -
2007 — 7.77E+09 5.56E+09 —
2009 — 7.84E+09 — —
2010 — 7.76E+09 — —
2011 — - 5.56E+09 -
2012 - 7.80E+09 — —
2013 — 7.76E+09 — —
2015 — 7.79E+09 — 5.54E+09
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Dose Dependence of Photo-stimulated Luminescence from

G2000 Glass Material
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Introduction

In heavy-particle therapy, several hundred MeV/n-carbon
Only
the malignant tissue is annihilated because radiation

beams are used to kill DNA in malignant tumor cells.

sensitivity of the tumor tissue is greater than that of normal
tissue. However, to avoid irradiating the normal tissue
around the tumor, various filters and collimators are used to
adjust the projecting range, i.e., the position of the Bragg
peak and the irradiation area. At present, ionization
chambers are used to measure the dose distribution in the
tumor at 10 points in the beam direction at radiation-therapy
planning. It is necessary to obtain three-dimensional dose
distribution images every few minutes in order to treat
efficiently and to alleviate physical burden on patients.

In line with this, various scintillators such as Gd,0,S:Tb
were tested to obtained real-time dose distribution images.
However, this method was not successful owing to
scintillation saturation .  Instead, Sumita Optical Inc
developed photostimulated (PSL) glass
material (G2000), which can be used to read the exposing
visible light after the beam irradiation”. Developing PSL
glass material with a dose dynamic range from mGy to Gy

luminescence

by adjusting the activator amount and the type of elements,
the granted total dose can be obtained from the PSL
intensity. In addition, unlike the imaging plate, the PSL
glass material has transparency; the three-dimensional beam
trajectories in the glass can be observed, though not in real
time. A three-dimensional stimulated distribution image
can be obtained by using a stereo-image measurement
method, in  which

distribution images are taken in different directions.

two-dimensional  luminescence
Here, we present the results of two projects implemented
in 2015, i.e., (1) construction of a PSL measurement system
and (2) a preliminary test of the system carried out by
reading PSL from glass material irradiated *°Co y-rays.

PSL measurement system

A PSL measurement system was constructed consisting
of objective lenses, optical filters, stage blocks, a He—Ne
laser, a photo-multiplier tube (PMT), and an
electron-multiplying CCD (EMCCD) camera. The PSL at
the wavelength of 550 nm was using the PMT, and
two-dimensional PSL images were captured with the
EMCCD camera at the same time. The bandpass filters
were respectively placed in front of the PMT and the
EMCCD camera to not only detect the wavelength of
luminescence from 520 nm to 560 nm but also cut off the

wavelength of 632 nm from the He—Ne laser. To reduce

extraneous-light noise, the bandpass filters, a dichroic mirror,
and a lens were set in C-mount adapters. The glass
material, the object lens, and mirrors were placed in the

stage block.

Preliminary test

The PSL glasses 0.9% weight Tb were added to an
activator prepared by Sumita Optical Inc?. The %“Co
y-rays were irradiated in the range from 100 mGy to 100 Gy.
After irradiation, PSL was read out through exposure to
The images were captured
after one-sec exposure time and the induced photons were

He-Ne laser at 1 mm diameter.

counted, at one-sec intervals, and the intensity was
calculated as the average value for 60 s. Consequently, the
observed PSL intensity is linearly correlated to the total
y-ray dose (Fig. 1). The PSL is detected from the glass
irradiated with y-rays at a minimum dose of 100 mGy.

At the next stage, the maximum and the minimum
detection limit of the glass is going to be investigated, and a
program constructing three-dimensional images from two
stereo-images is going to be developed.
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Fig. 1 Dose dependence of PSL intensity from the
material. The intensity is proportional to the irradiated
y-rays, from 100 mGy to 100 Gy.
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Elements of Low Atomic Numbers in Lithium Oxide

Ceramics under Irradiation
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Lithium oxides (Li,TiO3, Li»ZrOj, LizSiO4, LiAlO,,
LiCoO,, and so on) are potential candidates as tritium
breeding materials in fusion devices. It is of significant
importance to investigate the relationship of radiation
damage processes and dynamic behaviors of hydrogen as
well as lithium atoms in lithium oxides by combining in situ
radiation measurements with post-irradiation examinations.

Figure 1 shows a typical Rutherford backscattering
spectrometry (RBS) spectra of backscattered O*" ions, and
Fig. 2 shows a typical elastic recoil detection (ERD) spectra
of recoiled H" and Li" ions, from the deposition of 25 nm
Au and 35 nm LiCoO, on LATP (Au/LiCoO,/LATP)
without and with charging up to 8.40 mC/cm?, as measured
using 9.0-MeV O*" jon-probe beams from a tandem
accelerator. The horizontal axes (Channel Number) for the
RBS and ERD spectra correspond to energies of the
backscattered O*" ions and recoiled H" and Li" ions,
respectively, and represent the depth from the surface. On
the vertical axes, the counts/energy in the RBS and ERD
spectra correspond to the concentrations of constituent
elements such as [H, ;Li, 3O, 14Si, ;5sP, 2 Ti, and ,;Co in
Au/LiCoO,/LATP. The thickness of each Au and LiCoO,
thin film was determined from approximately 628-711 and
195-255 channels of Fig. 1, taking into account the
Rutherford backscattering cross-sections of O" ions in the
case of constituent elements in Au/LiCoO,/LATP, the
stopping cross-sections for O ions, and the solid angle of
detection V.  There is significant change in the spectra
between before and after charging, as the a little diffusion of
Au atoms into LiCoO, perhaps initiated by elastic collisions
due to ion probe-beam, as seen approximately in 450-615
channels of Fig. 1. On the other hand, the sharp and broad
peaks at approximately 320-419 and 450-849 channels in
ERD of Fig. 2 correspond to the H and Li concentrations in
LiCoO, thin films. The Li peak becomes broader than the
H peak, because the range straggling due to the stopping
power of Li is larger than that of H in the Au, LiCoO, film
and the Al absorber". It is assumed by the basis of our
previous experimental results that the H peak ranging from
approximately 320-419 channels in ERD spectrum for the
uncharged-sample may probably correspond to H atoms
absorbed by the LiCoO, film, as the H concentration in the
Au film was quite low. The each peak at around 370 and
410 channels in ERD spectrum for the charged-sample up to
8.40 mC/cm® may probably indicate H or water (H,O)
retained in the LiCoO, films and H,O adsorbed only onto
the surface of the Au thin film, respectively. Also, it is
assumed in this present study that each area at
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Fig. 1 Typical RBS spectra of back-scattered O*' ions
from 25 nm Au/35 nm LiCoO,/LATP/20 nm Pt (e)
without and (o) with charging at 8.40 mC/cm?, obtained
by using 9.0-MeV O* ion-probe beams.
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Fig. 2 Typical ERD spectra of recoiled H" and Li" ions
from 25 nm Au/35 nm LiCoO,/LATP/20 nm Pt (e)
without and (o) with charging at 8.40 mC/cm?, obtained
by using 9.0-MeV O*" ion-probe beams.

approximately 450-549 and 550-849 channels indicates Li
concentrations at the interface between LiCoO, thin films
and LATP, and at the surface of the thin films, respectively.
It appears from Fig. 2 that the Li concentrations at the
interface and the surface decrease after charging up to
8.40 mC/cm®.  The gradual degradation of Li distribution is
from the LiCoO, film.
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Calibration of Analytical Sensitivity for Heavy Elements

on Micro Beam PIXE System in TIARA
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Standard Reference Material (SRM) for determination of trace elements in biological materials was made by macro

porous cation-exchange resin (Macro-Prep 25S, Individual Particle size: ca 15-18 umg).
analytical sensitivity for several elements on Micro Beam PIXE System in TIARA.
for calibration of analytical sensitivity for S, Fe, Ni, Zn and Pb.

SRM was used for calibration of
In this work, s new SRM was prepared
Individual particle of the SRM resin was subjected to

3 MeV proton bombardments by micro beam PIXE. Characteristic X-rays from the known amount of elements in SRM

were measured by Si(Li) and PureGe detectors.
in the resin and dose of proton.
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(AF % U720 x 20 um, B E250 nC) &7 -7, &
lEl@fl%& PEXHROM E 1L, Table 1DA, DO2FEE DM H

PN OWT B 77, PIXEana TARZ MUENT 232
e AR DT, MR ERAIZ OV TII20 124 O &
LR LT,

3. BT EHSSDO FHKIE  #E 4 % Table.212 134 [0
(2016) DHEEFER[A*] & D72 20124 D #HI
TEAER[A**]% T, PGT LS30135D 53 fifAEIC ob\f
1%, S-Ka, (2.307 keV) H>5Pb-La,; (10.550 keV) (2233 T,
FWHMIZ, 110-220 eVTH Y | Hiilal O IEH & R4k

ICREXRR O B — 7 S+ TH D Z L RO b
nto OB EX, WME L2 THOILHET, 3MER
EREL IRol,

H L F# ASSDO FAR IE AL R A Table 2 D[D*IZR T,
PS 305-D7.5CI R =R /bF —{H] 0 f P X I 7 i (i
ASN R E# T B R OSITICA N THLEMFFS
N5, Fe-Ka, (6.398 keV) 75Pb-LB, (12.612 keV) TD
FWHM&i\ 330-380 eV THDH-H, AXTMNLTHRHY

SfEReD F L BIHEFWHMO A . N END, 5Tk
FEIX, ZNFETHW =2 TORESS T TR KX, PGT
LS3013512%F LT, Fe>HPbITxf L T4 T4 DIRKE %

The sensitivities for each detector were calculated by elemental abundance

R, ZDPS 305-D7.5CIZ DWW TIHE R 0020084F 1T

ZnDEEZREL TEY, TOFERIX150£10(n=8) T

B, S EIORERE—E LT, MEBERESRKS OEBL,
Bk, KERE 2 RETHEHFHIND,

Reference
1) M. Koka et al., JAEA-Tech. 2016-006, 21 (2016).

Table 1 List of X-ray detector on micro beam PIXE
system in TIARA.
Active | Crystal FWHM
Detector Model area_ | thickness | @5.9keV
(SSD) / mm’ /mm eV
A PGT
SiLi)) | Ls30135 | 39 3 135
B | CANBERRA
(PureGe)| GULO110 | 100 10 118
C PGT
(PureGe) | 1GX100138 | 100 10 138
D* APTEC
(PureGe) | PS 305-D7.5C | 250 12 310

* Repaired in 2015.

Table 2 Analytical sensitivity for elements by several
X-ray detectors on micro beam PIXE system in
TIARA.

Sensitivity/Count pg 'nC "' (n=3-14)

A* A** B C D*
Al ND 100+ 16 101 +19 ND ND
S 222+13 74+13 77+14 ND ND
Ca ND 7114 58+12 ND ND
Mn ND 385 23+4 140+22 ND
Fe 72+7 33+£11 22+£8 130+23 340+40
Co ND 24+10 177 91+£40 ND
Ni 49+3 I5£6 9.1+£5 65+11 210+28
Cu ND 18+7 12+£5 65+22 ND
Zn 27+3 10£2 69+1.6 62+11 160=+15
Sr ND 1.2+0.6 12409 47+£13 ND
Pb 58+0.5 1.0£03 07+02 53£15 445

*This work, **Measured at 2012.
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Three-dimensional Distribution Measurement of Cesium

in Clay Particles by Micro-PIXE-CT

T. Hatakeyama ™, D. Sata®, K. Ishii”, S. Matsuyama ™, A. Terakawa”, M. Fujiwara®

H. Arai®, T. Satoh®, M. Koka ®

,N. Yamada® and T. Kamiya®

2 Department of Quantum Science and Energy Engineering, Tohoku University,
Research Center for Remediation Engineering of Living Environments Contaminated
with Radioisotopes, Tohoku University,
° Department of Advanced Radiation Technology, TARRI, QST

A serious accident occurred in Fukushima Daiichi
nuclear power plant due to The Great East Japan Earthquake
in 2011. Radioactive substances, for example 37Cs and
311, were released into the environment and polluted the
large area).

Especially, the long half-lives of *’Cs is 30 years, so we
have to remove the radioactive substances from the soil of
disaster area. In recent study it has been revealed that Cs
atoms are absorbed strongly in clay particles and removing
the atoms from the particles is difficult. Since the soil
including the clay particles is treated as radioactive waste,
the volume reduction is also an important issue.

For this reason, we developed a way to investigate Cs
distribution in the clay particles including inside of a particle
by Micro-PIXE-CT based on micro-PIXE and an image
reconstruction method. The first step of measurement is
preparing samples of the soil. We added water to some soil,
mixed it and filtered to remove large particles and impurities.
This filtered muddy water was mixed with non-radioactive
Cs,CO;z and dried for 24 hours and was attached on a small
carbon fiber using glue, which was inserted into a tip of a
needle.

Then the micro-PIXE analysis was carried out using the
microbeam system connected to the single-ended accelerator
at TIARA. Energy of the proton beam was 3 MeV, the
beam spot size was 1 x 1 um? and the beam current was
about 100 pA. The distance and angle of lithium-drifted
silicone (Si(Li)) detector (PGTLS30135) for X-rays were
22 mm from the target and 140° to the beam axis,
respectively. A sample was automatically rotated with a
step of 9° in vacuum. The measurement area was 200 pm’
corresponding to 128 x 128 pixels of projection images.
The measuring time of micro-PIXE analysis at each angle
was 10 minutes. Figure 1 of projection data shows
scattered Cs elements over the particle. The PIXE data
was analyzed using GeoPIXEII?. Figure 2 shows PIXE
spectrum.  We can’t know the distribution of Cs inside of
the clay particle by the micro-PIXE analysis, but the cross
sectional image using ML-EM ® (Maximum Likelihood
Expectation Maximization) method shows element
distribution within the sample. Figure 3 (Left) shows the
three-dimensional distribution of Cs.

When we get the PIXE image, it occurs the changing of
X-ray production cross section by beam energy loss and
absorption of X-rays. So, we have to measure areal density
by STIM (Scanning Transmission Ion Microscopy)-CT and
correct the image. This method can obtain us areal density

in each pixel. Figure 3 (Right) shows the images of
correction image and without. Correction image shows Cs
distribution. The sectional image of the clay particle, Cs
distributes 10 pm from the surface. It is possible to
decontaminate of the clay particle if we can remove only the
area with Cs.
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Fig. 1 Distributions of Cs in obtained from each angles in
a clay particle.
l.,ls ;
~ K

c
B T
—

Counts per Doselcos
—————
—— v

position

‘Without
Correction

. )
| Cs rich

Correction

100 pym

Fig. 3 (Left): 3D-PIXE-CT image of a Cs, (Right): cross
section of a clay particle with the correction of STIM
and without.
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Characteristics of Electron Spin Resonance Signal of

Quartz from Sediments and Adjacent Bedrocks

K. Tokuyasu, K. Yasue, T. Komatsu, I. Tamura and Y. Horiuchi

Geoscientific Research Department, Tono Geoscience Center, JAEA

Understanding the stages of mountain building is crucial
to the stability assessment of geological environments in
geological disposal system. This is because (1) mountains
can theoretically increase their average height up to attain
the stage of dynamic equilibrium between the uplift and
erosion rates”, and (2) such building mountains may cause
changes in groundwater flow dynamics in the geological
environments. In this context, we have carried out the
research and development of provenance analysis techniques
to elucidate the mountain-building stages. This paper
presents the results of the study focused on the R&D using
the Electron Spin Resonance (ESR) signals from quartz in
sediments.

The quartz ESR signal intensities from Al center (an
electronic hole trapped at the bond between oxygen and Al
which replaces Si®) and Ti-Li center (an electron trapped at
Ti which replaces Si, with accompanying Li ion?) show the
concentration of unpaired electrons in the crystal. Since
of these differ

depending on the types of rock and the age of source

the characteristics signal intensities
rock®?), the sediment provenance can be estimated using the
We therefore

investigated the relationship of quartz ESR properties

ESR properties from quartz in sediments.

between sediments and adjacent bedrocks.

The outcrop of the Miocene to Pleistocene Toki Gravel
Formation (fluvial sediments) investigated in this study is
located between the Tsukechi River, a tributary of Kiso
River, and the Atera fault in the Tono area, Gifu Prefecture.
In the northern part of the Tono area, bedrocks consist of
Mesozoic sedimentary rocks, Nohi Rhyolite and Sanyo
Granite, whereas in the southern part, they consist of Ryoke
Granites. The outcrop of the sediments is about 30 m
It is notable that
the lower part of sediments contains gravels derived from

thickness, overlying the Nohi Rhyolite.

the Nohi Rhyolite, whereas the upper part contains several
different kinds of gravels originated from the Nohi Rhyolite,
granites and basalts (K-Ar age: 2.08 == 0.3 Ma). The
lithology of gravels indicates different provenance of
sediments in the lower and upper parts. FEight sediment
samples and 10 bedrock samples (Naegi-Agematsu Granite,
Quartz

grains were extracted from all samples by chemical

Nohi Rhyolite) were taken for ESR measurements.

treatments. All samples were irradiated by *“°Co-gamma
ray to a dose of 2.5 kGy at Takasaki Advanced Radiation
Research Institute to saturate the ESR signal intensities of
quartz.
microwave power of 5 mW at 77 K using an ESR
spectrometer (JES-X320, JEOL RESONANCE Inc).

Al and Ti-Li center signals were measured with a

As shown in Fig. 1, ESR properties of the lower part of
the sediments (Samples F-1, F-2, F-5 and F-7) are similar to
that of the Nohi Rhyolite (samples 22-al, 22-a2 and 17), and
the properties of the upper part (Samples F-11, F-12, F-13
and F-14) are similar to the granitic rocks of Sanyo belt
The
correspond with the

(Naegi-Agematsu Granite; samples 8, 12, 15 and 16).
results of ESR measurements
composition of gravels obtained from outcrop observation.
To distinguish among bedrocks, Ti-Li center signal intensity
may give more effective information compared with Al
center signal intensity. These results so far indicate that
ESR properties of quartz grains extracted from sediments
have kept those from the original rocks and raise the
possibility that sediment provenance can be estimated by
quartz ESR properties.

This study was partially supported by the R&D
supporting program for developing geological disposal
technology of Ministry of Economy, Trade and Industry of
Japan.

References

1) H. Ohmori, Bull. Depart. Geography, University of
Tokyo, 10, 31-85 (1978).

2) A. Shimada et al., Geochronometria, 40, 334-40 (2013).

3) M. Duttinea et al., Comptes Rendus Geoscience, 334,
949-55 (2002).

Sediments Al Ti-Li
F-13 22.41 1.91
upper |F-12 22.07 1.94
part |F-11 21.67 1.78
F-14 22.42 1.62
F-7 23.87 3.04
lower [F-5 22.66 2.62
part |F-2 24.84 2.67
F-1 20.37 2.51
Bedrocks Al Ti-Li
Naegi-Agematsu Granite (16) 12.71 1.65
Naegi-Agematsu Granite (15) 14.56 1.66
Naegi-Agematsu Granite (12) 20.14 0.66
Naegi-Agematsu Granite (8) 15.64 2.52
Nohi Rhyolite (17) 12.27 2.91
Nohi Rhyolite (22-a2) 18.55 2.37
Nohi Rhyolite (22-al) 19.78 2.28

Fig. 1
of quartz grains.

Bar graph of Al and Ti-Li center signal intensities
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Provenance Changes Associated with Variations in East

Asian Summer Monsoon Precipitation Pattern Recorded in
the Inner Shelf Deposit of East China Sea during the
Middle to Late Holocene

K. Wang®, R. Tada®, K. Saito®, H. Zheng® and T. Irino ®

2 University of Tokyo, ®) Nanjing Normal University, ' Hokkaido University

Hydroclimate variations associated with the East Asian
Summer Monsoon (EASM) precipitation exert significant
impacts on lives of people inhabiting within the Yangtze
River drainage. Seasonal shift of main precipitation area is
attributable to migration of the northern limit of summer
monsoon, which would lead to provenance and composition
changes of suspended materials transported by the Yangtze
River.  Therefore, the interannual- to millennial-scale
variability in the position of the rain belt mentioned above
could be recorded as the long-term changes in compositional
variation of the sediment originated from the suspended
materials of the Yangtze River. The subaqueous Yangtze
delta and East China Sea (ECS) shelf are primary sink of
massive inputs of terrestrial materials from the Yangtze
River. We could expect to recognize provenance changes
in core sediments MD06-3040 taken from the inner shelf of
ECS on the basis of the electron spin resonance (ESR) signal
intensity and crystallinity index (CI) of quartz in the fine silt
fraction in association with EASM precipitation variability.

Eighty bulk samples from core MD06-3040 covering last
6 kyr was selected for provenance study of quartz grains.
After pretreatment, samples were separated into 4-16 um
and 16-63 um fractions using the syringe and pipette
methods. ESR and CI were determined for these two grain
The ESR signal intensity of the E;’ center in
quartz, an unpaired electron in a single silicon sp® orbit

size fractions.

oriented along a bond direction into an oxygen vacancy ',
was used to estimate the relative number of oxygen
vacancies in quartz. Oxygen vacancies in quartz have been
formed by natural radiation, and are known to reflect the age
of the host rock>®, which meant that higher value of ESR
signal intensity of the E,” center of quartz in the sediment
reflects the older age of host rock (Fig. 1). Firstly,
pretreated samples were irradiated with y-radiation (total
dose of 2.5 kGy) using a °°Co source at the Inter-University
Laboratory for the Joint Use of Japan Atomic Energy
Agency Facilities. Subsequently, pretreated samples were
heated at 300 °C for 15 minutes to convert the oxygen
vacancies to E;” centers”. ESR signal intensity measure-
ments were conducted at room temperature with an X-band
ESR spectrometer JEOL JES-FA100 at University of Tokyo
under 0.01 mW of microwave power, and 0.1 mT magnetic
field modulation (100 kHz), 5 mT scan range, two minutes
scan time, and 0.03 seconds time constant. Intensity of the
E,’ centers was normalized to the quartz content of each
sample to estimate the ESR signal intensity of pure quartz.

The ESR signal intensity of quartz is expressed in spin units:
one spin unit is equivalent to 1.3 x 10" spins/g. The
reproducibility of ESR signal intensity was £1.5 spin units.

In order to discriminate the sediment contributions from
the upper/middle/lower reaches, southern tributary of the
Yangtze drainage, we compared the core MD06-3040
sediments samples with modern Yangtze River sediment
samples. ESR vs CI plot suggests more precipitation in SE
area of Yangtze catchment during 6~3.8 ka, in NW area
from 3.8 to 2 ka, and in middle NE area during 2~1 Ka,
suggesting deepest penetration of EASM front during
3.8~2 ka.
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Fig. 1  The variability of ESR signal intensity and

Crystallinity Index of quartz in MD06-3040 core.
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ESR Dating of the Itoigawa-Shizuoka Tectonic Line

Located at the Dondoko-sawa Outcrop in Japan South
Alps Using Radiation Defect Centers

T. Fukuchi

Graduate Faculty of Interdisciplinary Research, University of Yamanashi

The risk of earthquake disaster caused along the northern
extension of the Itoigawa-Shizuoka Tectonic Line (ISTL) in
Japan South Alps has risen since the 2011 off the Pacific
coast of Tohoku Earthquake.
recognized as an active fault system, while the fault activity
of the ISTL located in the central and southern parts of
Japan South Alps has not been yet evaluated because no
Quaternary sediment available for the assessment of fault
activity exists in these parts. Thus I carry out ESR
(Electron Spin Resonance) dating of fault gouge collected at
the Dondoko-sawa outcrop in the northern-central part of
Japan South Alps where the fault activity of the ISTL is
unknown.

The ESR dating method is a technique to directly

The northern extension is

estimate the absolute age of fault movement using radiation
defect centers (ESR signals) derived from forming minerals
in fault rocks, assuming that the ESR signals have been once
reset by frictional heating”. The ESR age (T) is obtained
by dividing the total radiation dose (TD) by the annual
radiation dose (D); T=TD/D. The TD to which the ESR
signals have been subjected since the resetting is estimated
by extrapolating the growth curve calculated from the ESR
signal intensities before and after artificial y-irradiation.
In this study, artificial y-irradiation was carried out with
a ®Co source at No.7 cell in y-ray irradiation facility No.2,
Takasaki Advanced Radiation Research Institute, JAEA.

The ESR signals that have been completely reset at the
time of the latest fault movement give the actual age (T,) of
the latest fault movement. However, frictional heat does
not always increase until the resetting temperature (2450 °C),
so that the ESR signals may have been incompletely reset.
In this case, the TDs obtained may be overestimated and
then the ESR ages obtained may become older than the
actual age.
give the upper limit of the actual age (T, <T).

The ESR measurements show that the quartet signals (A,

Consequently, the ESR ages (T.;) theoretically

B, C and D signals) derived from montmorillonite and the E’
and Al center in quartz are detected from the black and gray
fault gouges collected at the Dondoko-sawa outcrop?. The
v-irradiation effect on these ESR signals obtained from the
black gouge is shown in Figs.1 and 2. The quartet signals
and Al center regularly increase with increasing radiation
dose, so that these ESR signals probably give precise TD
values. As a result, the ESR age of 0.49 + 0.09 Ma
(Coefficient of determination R=97.4%) is obtained from the
black gouge using the hyperfine structure (hfs: g=2.0187) of
the Al center in quartz, which is easiest reset by frictional
heating. On the other hand, the whole and hfs of the Al
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Fig. 2 Gamma-irradiation effect on the Al center in quartz
in the black fault gouge.

center detected from the gray gouge give the ESR age of
0.50+0.06 Ma (R=99.3%) and 0.62+0.10 Ma (R=96.7%),
respectively. I conclude that the age (T,) of the latest fault
movement at the Dondoko-sawa outcrop is estimated as
T,<0.49~0.50+0.09 Ma. This conclusion means that the
ISTL around the Dondoko-sawa outcrop is still active.
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Utilization Status at TIARA Facility

H. Hanaya®, K. Hirota, H. Takizawa®,
H. Kaneko ", S. Kaneya ® T. Asai®, M. Kawabata® and K. Sagab)

?) Department of Advanced Radiation Technology, TARRI, QST,
" Takasaki Establishment, Radiation Application Development Association

1. Research & Industrial Use

There are four accelerators, a cyclotron, and three
electrostatic accelerators (a tandem, a single-ended
accelerator, and an ion implanter), at the TIARA facility to
meet various research needs. Research activities for the
cyclotron for the past 5 years are shown in Fig. 1. Total
utilization time is ranging from 2,200 to 2,300 hours. This
time is equal to more than 95% of available time of the
cyclotron. The trend of research activities at the TIARA
has been slowly changing recently. The item of “Shared &
common use”, “base technology”, and “Biotechnology &
medical application” are the highest 3 areas for TIARA
users. In contrast, utilization time of “RI production and
nuclear science” has been decreasing for the past 4 years.

When we see the research activities for the three
electrostatic accelerators, the profile of total utilization time
is different from that of the cyclotron, as shown in Fig. 2.
The utilization time of “base technology” accounts for more
than 40% of the total time.

Relatively lower energy irradiation probably meets
demand from researchers who study fundamental
phenomena of materials under irradiation,
analysis and so on. The trend on high demand is also the

elemental
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Fig. 1 Status of utilization for cyclotron for the past 5 years.
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Fig. 2 Status of utilization for the three electrostatic

accelerators for the past 5 years.

case with “Inorganic material”’, ”Nuclear and fusion
materials”, and ”Semiconductor devices”.

The trend of the number of users in the past 5 years is
shown in Fig. 3. The total number of users has increased
year by year from 2011 to 2014. However, it reduced to
about 826 in 2015. The average number of users in the
past 5 years is 847.

The change of project category in the past 5 years is
shown in Fig. 4. Internal use by aggregating problems of
the same research has decreased. However, shared &
common use is increasing. The total number of projects is
ranging from 120 to150.
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Fig. 3 The number of users for the past 5 years.
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Fig. 4 The number of projects for the past 5 years.

2. The others

Tenth Takasaki Advanced Radiation Research
Symposium was held successfully in October 8 and 9, 2015
at Takasaki Advanced Radiation Research Institute. The
number of oral presentations and poster sessions was 17 and
146, respectively. The number of participants of the
symposium was 480, and decreased by 16 in comparison
with last meeting.

Furthermore, the JAEA Takasaki annual report 2014
including 169 research papers was issued the same as before.
About 650 compact discs were distributed to relevant
departments.
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Operation of the AVF Cyclotron
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2) Department of Advanced Radiation Technology, TARRI, QST, ® Beam Operation Service, Co., Ltd.

Operation

The AVF cyclotron was smoothly operated in fiscal 2015.

The accumulative operation time was 78,164 hours and the
total number of experiments was 11,354 from the first beam
extraction in 1991 to March 2016.

Table 1 shows the statistics of the cyclotron operation of
fiscal 2014 and 2015. The total operation time amounted
to 3,089 hours, and monthly operation times are shown in
Fig. 1.

Table 1  Statistics for cyclotron operation.

2014 2015
Beam service time (h) 2302 2304
Machine tuning (h) 646 732
Beam development (h) 29 53
Total operation time (h) 2997 3089
Change of particle and/or energy 212 times 248 times
Change of beam course 249 times 328 times
Change of harmonic number 73 times 86 times
Experiments 502 514
Cancellation due to machine trouble 1 5

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 64.3%, 10.3%, 23.7%, and 1.7%, respectively. There
were 5 cancellations of the experiments, which were caused
by the machine troubles. Fractional distribution of major

ions used for experiments is shown in Fig. 2.
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Fig. 1 Monthly operation times in fiscal 2015.

Maintenance

The regular yearly overhaul and maintenance were
carried out. The major items follows:
1) Replacement of the contact fingers of the cyclotron RF
resonator, 2) Routine maintenance of the power supplies,
3) Inspection of sinusoidal wave chopping system,

4) Inspection of power supplies of the beam scanner for LD

were as

and HY courses, 5) Renewal of the control system of the
injection beam line equipment, 6) Exchange of the vacuum
control PLC units for the No.1 and 3 heavy ion rooms.

Metal
6.2%7\__\
Xe
3.3%_ D
Ar 2.7%
0
5.6% He
Ne_/ 9.0%
8.0% 0]
22%
Fig. 2 Ion species used for experiments in fiscal 2015.

Technical Development

A MULTICUSP ion source had been used for generation
of light ion species since 1991. The ion source was
replaced to an electron cyclotron resonance ion source
(NANOGAN, Pantechnik) as shown in Fig. 3 in May.
A series of beam generation tests was immediately
performed; 10, 20, 65 MeV H', 50 MeV D", and 50 MeV
*He** were accelerated successfully.

Ion beams extracted from the cyclotron was sometimes
unstable since the magnetic field was unstable especially for
We tried to
suppress the magnetic field variation by using an additional
correction coils and a nuclear magnetic resonance probe, and

the case of low magnetic field excitation.

instability of the ion beam was improved as a result.

Fig. 3 NANOGAN ion source.
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Operation of Electrostatic Accelerators in TIARA

A. Chiba a), K. Yamada a), A. Yokoyama a), A. Usui a), Y. Ishii a),T. Satoh a),
T. Ohkubo a), T. Nara a), T. Takayama ), S. Kanai b),Y. Aoki b), M. Hashizume?,
Y. Takahashi® and M. Hasegawa”

? Department of Advanced Radiation Technology, TARRI, QST,
® Beam Operation Service, Co., Ltd

1. Operation and Status

In fiscal year of 2015, the operating rate of 100% had
been achieved in the tandem accelerator and in the
ion-implanter; on the other hand, some experiments using
the single-ended accelerator had been cancelled due to a
The fiscal operating times of the
tandem accelerator, the single-ended accelerator and the ion

trouble of the ion source.

implanter were 1,976, 2,431 and 1,760 hours, respectively,
in the same levels with usual years. The accumulated
operating time since the first operation of these accelerators
had been achieved at 44,648, 51,175 and 39,627 hours,
respectively.  The monthly operating times of these
in Fig. 1. The scheduled

maintenances for about two weeks were carried out in

accelerators are shown

August, December and March. The accelerators were shut
down for one week in August due to a planned power outage
for the inspection of the facilities. The utilization rates of
each ion species in the tandem accelerator are shown in
Fig. 2. The utilization rate of the C4 ion beam was
remarkable increase in recent years, as a result of
intensification of its beam current provided by the tandem
accelerator.
2. New Beams

In the ion-implanter, a Cs ion beam became available
using a Freeman type ion source with the oven method. In
this method, CsCl or Csl is useable as a sample. The Cs
ion beam was required for the research on the fission
Figure 3 shows the ion
mass spectrum of the beam extracted from the ion source,
accelerated with a total voltage of 200 kV.
3. Maintenance and Improvement

products from the nuclear fuel.

In recent years, the number of troubles in the electrostatic
a tendency to increase, while the
maintenance cost is reduced yearly. Serious troubles
An efficiency of
the beam transportation significantly decreased owing to a

accelerators has
occurred in the single-ended accelerator.

malfunction of the beam-focusing system of the ion source,
because of a disconnection of the coil in a variable
autotransformer adjusting the voltage supplied to the Einzel
lens. Five experiments were canceled by this trouble.

The serious troubles also happened in the tandem
For instance, several devices constituting of
the beam line got into uncontrollable condition because of
the damage of CAMAC interfaces, and a malfunction of the
corona probe worsened the stability of the acceleration

accelerator.

voltage, moreover several computers of the control system
were crashed one after another.

In the ion-implanter, a pulsed beam is used for the
experiments on a secondary ion mass spectrometry. In
order to further improve the mass resolution, a new
beam-chopping system was installed to the IE line, and the
pulse width was reduced to approximately one third as
compared to previous one.

350
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Fig. 1 Monthly operating times of electrostatic accelerators

in FY 2015.
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Fig. 2 Utilization rates of ion species in tandem accelerator
in FY 2012 and in FY 2015.
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Fig. 3 Ion mass spectrum of a beam generated by the
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Operation of the Electron Accelerator and

the Gamma-ray Irradiation Facilities

T. Agematsua), S. Unoa), R. Yarnagataa), H. Seitoa), Y. Nagaoa), S. Yamasakia),
L Kawashirnab), N. Yagib), M. Takagib) and K. Nagaib)

2) Department of Advanced Radiation Technology, TARRI, QST,
® Takasaki Establishment, Radiation Application Development Association

1. Operation

The ®Co gamma-ray irradiation facilities were operated
approximately smoothly, whereas the electron accelerator
was not able to operate on schedule in FY 2015, because of
trouble with high-voltage equipment in November and
repairs on trouble of FY2014. As a result, the rate of
operation of the electron accelerator had dropped to 80% in
this fiscal year.

The electron accelerator was on service as scheduled
9:00-17:30 from Monday to Friday since April 2014 for
effective operation, while the service time in FY 2013 was
8:30-23:00 on several days of week. The annual operation
time of the electron accelerator in FY 2015 was 659 h,
including 169 h of conditioning operation during
maintenance. The operation time in recent years is shown
in Fig. 1. There were a lot of trouble and the reduction of
operation time in FY 2014 and FY 2015. Furthermore, a
long-period irradiation for the study on semiconductors also
decreased, and the annual operation time was down in FY
2014 and FY 2015 compared with in FY 2013.

The ®*Co gamma-ray irradiation facilities consisting of
three buildings with eight irradiation rooms cover a wide
dose-rate range from 10" Gy/h to 10* Gy/h as of January
2016. The annual operation times of the first and the
second cobalt irradiation facilities and the food irradiation
facility were 20,657 h, 15,272 h and 13,113 h, respectively,
as shown in Fig. 2.

2. Maintenance
2.1 Electron accelerator

The transformer and the resistances at the high-voltage
circuit in the accelerator vessel were troubled in November
2015, and were renewed. The steering coil within the beam
scanner of the horizontal beam line, which was stripped in
2014 to use for repair on the scanner of the vertical beam
line, was replaced with new one in February 2016, and
operation of the horizontal beam line was recovered. The
optical link circuit for beam currents control, the
motor-generator rods and the rod’s coupling part in the
accelerator vessel, were damaged and renewed in March
2016.

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 the three gamma-ray irradiation
facilities in turn. The maintenance check of the first

irradiation facility was done in August and September 2015
with suspension of operation for nineteen days.

The new ®Co sources, whose total radioactivity was
0.74 PBq, were loaded into the irradiation room No.7 in the
second irradiation facility to the area of
high-dose-rate fields. Forty pencil sources of ®*Co sources
were disposed of to Japan Radioisotope Association (JRIA).

The 5 m® hydrochloric acid vessel and 5 m® sodium
hydroxide vessel which were used for the purifier system of
the pool water of the three gamma-ray irradiation facilities,
were damaged and renewed in February 2015. These
vessels were downsized from 5 m’® to 2 m’, because the
necessary ability of the water purifier system decreased by
reuse of water which was stored in the pool-water tank.

increase

Electron accelerator

1250
— _ E Irradiation
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Fig. 1 Annual operation time of the electron accelerator.
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Fig. 2 Annual operation times of the ®Co gamma-ray
irradiation facilities.
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Utilization Status of the Electron Accelerator and

the Gamma-ray Irradiation Facilities

T. Agematsu®, S. Uno™, R. Yamagata®, H. Seito”, Y. Nagao™, S. Yamasaki?,
L Kawashimab), N. Yagib), M. Takagib) and K. Nagai ®)

?) Department of Advanced Radiation Technology, TARRI, QST,
® Takasaki Establishment, Radiation Application Development Association

The electron accelerator and the three gamma-ray
irradiation facilities were operated for various research
subjects according to the operation plans in FY 2015.

The irradiation time and the number of irradiation

experiments for each facility in FY 2015 are shown in Table 1.

The accelerator mainly served for graft-polymerization for
new material development, radiation effect studies on
semiconductors and various experiments of visiting users.
The first cobalt irradiation facility mainly served for
radiation-resistance testing of cables used in nuclear power
plants and nuclear reactor facilities with long period
irradiation. The second cobalt irradiation facility, including
the irradiation room No.6 operated on hourly schedule,
mainly served for development of new functional materials
and other research subjects of visiting users. The food
irradiation facility has a lower-dose-rate field, and served for
radiation resistance testing at wide dose-rate range.

Figure 1 shows the number of irradiation experiments in
each research field for each facility in FY 2011-2015. The
accelerator had some trouble with high-voltage parts, and
was repaired in FY 2015. Therefore the number of
irradiation experiments for electron accelerator was on a low
level as in FY 2014. On the other hand, the number of
irradiation experiments for the gamma-ray irradiation
facilities kept on the same level as in FY2014.

Among these irradiation experiments, 78 and 191 ones

Electron Accelerator

performed at the electron accelerator and the gamma-ray
irradiation facilities, respectively, were relevant to recovery
from the accident at the Fukushima Daiichi Nuclear Power
Station of Tokyo Electric Power Company.

Table 1
experiments for each facility in FY 2015.

The irradiation time and the number of irradiation

i Gamma-ray irradiation
Facility | Ejectron accelerator fa ci}llities
Irradiation | NUmMber of |y iagion | Number of
irradiation irradiation
Research fields time (h) | experiments || time (h) | experiments
Material processing 85 96 5,821 280
Heat—femst 64 35 945 5
materials
Materials for space 234 58 7,217 63
Nuclear facilities 4 1 62,885 127
Environment 0 0 0 0
Resources &
Bio-technology 0 0 1,517 m
Basic technology 207* 10 7,393 39
Joint use 65 27 48,403 223
Total 659 227 134,179 845

* The irradiation time of ‘Basic technology’ in the electron
accelerator includes 169 h of conditioning operation during
maintenance.

Gamma-ray Irradiation Facilities
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The number of irradiation experiments (FY 2011-2015).
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Radiation Monitoring in TIARA

Safety Management Section

Department of Administrative Services, TARRI, QST

1. Individual monitoring
(1) Individual monitoring for the radiation workers
Table 1 shows a distribution of effective dose of the

Table 3 Monitoring results of released radioactive gases
and dust in FY 2015.

.. . ) . Periods 1st 2nd 3rd 4th
radiation workers in FY 2015. The effective dose values of [ Nuclide| , = quarter | quarter | quarter | quarter | TOW@
Imost all radiation worker T low th tection limit Maximu
almost all radiation workers were below the detectio B axntnutrp S 7010 | <1.4x10° | <1.ax10% | 1.5%10°
Of 01 mSV Ar concentration - - - -
. . Activity 1.8x10° 0 3.4x10° | 4.8x10° [ 2.6x10°
The maximum dose of the radiation workers was N
4 -4 4 4
. . . . | <tax10™ | <1.4x10* | <1.4x10™ | <1.4x10
0.5 mSv/y in connection with the experiment about 'c  |eoncentration
. . .. Activit 7 8 8 8 8
production and labeling of unsealed radioisotopes. Max‘mu}:n 4210 | 1440 | 2910 | 2.1X10° | 68x10
s, |concentration <43x10"°| <5.2x10"°| <5.4x10™"| <4.8x10"
n
Table 1 Distributions of the effective dose of the radiation Activity 0 0 0 0 0
workers in FY 2015. Unit : Bq/cm3 for Maximum concentration, Bq for Activity.
Number of persons in each periods 3. Monitoring for external radiation and surface
Items . .
Ist | 2nd ) 3rd fdth || contamination
quarter | quarter | quarter | quarter . . L.
——TtT e T o T o T o o The monitoring for external radiation and surface
Distribution range of [F=——""— 1‘ 5 3 > > , Z contamination was routinely performed in/around the
cifective dose o-m=s0 1 o 5 5 5 5 radiation controlled areas. Neither anomalous value of
HE:Effective dose™ | 50 <HE =150 | 0 0 0 0 0 dose equivalent rate nor surface contamination was detected.
(mSv) 150 < HE 0 0 0 0 0 Figure 1 shows a typical example of distribution of the
Total number of persons (A) an | 500 | a7 | su | es dose equivalent rate in the radiation controlled area of the
Number of persons cyclotron building.
0 0 0 0 0
Exposure (B)
above ImSv | (B)/( A)x100(%) 0 0 0 0 0
Mass effective dose (Person-mSv) 0.6 04 03 0.7 20
Mean dose (mSv) 0.00 0.00 0.00 0.00 0.00 0
Maximum dose (mSv) 03 02 02 02 0.5 D /
*1 The dose by the internal exposure was not detected. x S xx
(2) Individual monitoring for the visitors and others X
Table 2 shows the number of people who temporarily ™
.. . 174
entered the radiation controlled areas. The effective doses

of all people were less than 0.1 mSv.

Table 2 The number of people who temporarily entered
the radiation controlled areas in FY 2015.

. Ist 2nd 3rd 4th
Periods Total
quarter quarter quarter quarter
Number of persons 816 1207 1343 1440 4806

2. Monitoring of radioactive gases and dusts

Table 3 shows the maximum radioactive concentrations
and total activities for radioactive gases released from the
stack of TIARA, during each quarter of FY 2015.

Small of *Ar
occasionally during the operation of the cyclotron or

amounts and ''C were detected
experiments, but the particulate substances (“Zn, etc.) were

not detected.

//’/A/ %
WA :
o. ¢ ©

G

Fig. 1 Dose equivalent rate distribution in the radiation
controlled area of the cyclotron building.
Measurement date : 17th, 28th and 30th March 2016,
Measuring position : Indicated with x (1 m above floor),
Unit : uSv/h.
(The values are not indicated if less than 0.2 pSv/h.)
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Radioactive Waste Management in TIARA

M. Nabatame and N. Higuchi

Department of Administrative Services, TARRI, QST

1. Radioactive wastes management

The radioactive wastes generated in TIARA are managed
by Utilities and Maintenance Section. The main
radioactive wastes are the solid wastes generated from
research experiments and the maintenance of the cyclotron.
Other radioactive wastes are the liquid wastes such as
inorganic waste fluids generated from research experiments
and the air-conditioning machines in radiation controlled
These wastes are managed according to their
properties.

area.

2. Solid radioactive waste

Table 1 shows the amounts of solid wastes at various
properties and kinds generated in each quarter of FY 2015.
The main solid waste is also generated from research
experiments and the maintenance of the cyclotron.

Combustible wastes are rubber gloves, paper, and
clothes, etc. 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 2015. Most of liquid waste was
inorganic waste water generated from chemical experiments
and condensed water from operation of air conditioning
units installed in each room of the radiation controlled area.
The largest quantity of waste water in summer season (2nd
After treatment
by evaporation, inorganic water is reused in the radiation
controlled area.

quarter) is mainly due to condensed water.

Only small amounts of concentrated
liquid are generated from the evaporation.

Table 1 Radioactive solid wastes generated in FY 2015.
Amounts Amounts of generation in each period (m3) Number of
[tems Ist 2nd 3rd 4th Total package
quarter quarter quarter quarter /drum
Category A* 0.37 0.34 0.04 0.70 1.45 13%*
1)Combustible 0.14 0.20 0.02 0.32 0.68 6**
2)Incombustible 0.23 0.14 0.02 0.38 0.77 THE
Compressible 0.10 0.14 0.02 0.38 0.64 -
Filters 0.13 0 0 0 0.13 -
Incompressible 0 0 0 0 0 -
Ion exchange resin 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 2015.
Amounts Amounts of generation in each period (m’) Number of
Ttems Ist 2nd 3rd 4th Total package
quarter quarter quarter quarter /drum
Category A* 14.67 26.51 5.04 6.67 52.89
1)Inorganic 14.67 26.51 5.04 6.67 52.89 treatment
2)Organic 0 0 0 0 0.0 0
Organic 0 0 0 0 0.0 0
Oil 0 0 0 0 0.0 0
3)Sludge 0 0 0 0 0.0 0
4)Evaporation residue 0 0 0 0 0 0
Category B* 0 0 0 0 0 0
4

* defined by concentrations in Bg/em® (B, y) : (A) < 3.7x 10 = (B) < 3.7 x 10*.
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Facility Use Program in Takasaki Advanced

Radiation Research Institute

R. Nakahara, H. Hanaya, M. Negishi, K. Hirota and H. Takizawa

Department of Advanced Radiation Technology, TARRI, QST

1. Introduction

The facilities of JAEA are widely opened to many
in universities, public institutes,
industries, and so on. FACILITY USE PROGRAM started
in 2006, which is for users’ service on fee-charging basis in
the use of facilities. The facilities used in the program at
Takasaki are Co-60 Gamma-ray Irradiation Facilities,
Electron Accelerator, TIARA’s accelerators, and some of
the off-line analysis instruments.

In the program, the Research Proposals from outside
researchers, that is applicants, are examined carefully every
half a year from the points of the availability and the validity
of the experimental plans by the special committee. The

outside researchers

applicants who passed the examination can use the facilities
and some of the off-line analysis instruments on
fee-charging basis. The fee includes handling, irradiation,
and expendable fees, radioactive waste disposal expenses,
and the additional charge. Applicants who can disclose

experimental results are exempt from the irradiation fee, but

should submit the report of the experimental results to JAEA.

The reports are published in the annual report. Applicants
of universities can also apply to the facility’s usage through
another program operated by The University of Tokyo.
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;mﬁc General Priority Commercial
ation case
Result Non- Proprieta
proprietary P y
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 FY2015

There were 17 applications of Research Proposals in
FY2015 at Takasaki Institute, and 12 of them were as
Non-proprietary use. Including the users from priority case
and others, 300 applications were accepted. Table 2 and
Fig. 1 show user’s classification for each facility and

distribution of classification for Facility Use Program.

Table 2 Classification of applications for each facility.

User %‘ 2|8 5 _

6 Q g % g g

Facility g = 2|8 gl

5 |2 7E 8
[a W}

AVF cyclotron 131 3 |17 |33

é 3MV tandem accelerator 141 1 3 118
é 3MVsingle-ended accelerator 3 0 013
400kV ion implanter 007
Co-60 gamma-ray |30 10 (173|213

irradiation facilities

Electron accelerator 121 0 | 14 |26
Total for each classification 79 | 14 {207 (300

100%%
90%
80%
0%
60%
50%
40%
30%
20%
10%

0%

TIARA Co-60 Gamma-ray Electron Acc

(12) (180} (3]
@ Non proprietary m Proprietary
B Priority case O 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 detailed information on the program is available on
JAEA website as follows:

http://www.qubs.gst.go.jp/kyoyo/index.html

The “Advanced-research base common use and a
platform formation enterprise”, which is one of the
subsidiary projects of the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) in Japan, has been
cooperated from FY2015. This project is expected to
promote researches and developments of cutting-edge
technologies and create new innovation in Japan.
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Appendix 1 Publication list

[tems in gray show the works in collaboration with other projects of QST.
Bold letters and numbers at the last of each item mean as follows.
Letter : Accelerators or irradiation facilities used for the work.
C : Cyclotron, T : Tandem accelerator, S : Single-ended accelerator, I : Ion implanter,
E : Electron accelerator, G : Gamma-ray irradiation facilities, N : Not used.
Number : The number of the related paper in Part I1.

Functional Polymer Research Project (P1-1)

Papers
1) T.Hamada, S. Hasegawa, H. Fukasawa, S. Sawada, H. Koshikawa,
A. Miyashita and Y. Maekawa, “Poly(ether ether ketone)
(PEEK)-based graft-type polymer electrolyte membranes having
high crystallinity for high conducting and mechanical properties
at various humidified conditions”, J. Mater. Chem. A, 3,
20983-91 (2015). G
2) Y. Zhao, K. Yoshimura, H. Shishitani, S. Yamaguchi, H. Tanaka,
S. Koizumi, N. Szekely, A. Radulescu, D. Richter and Y. Maekawa,
“Imidazolium-based anion exchange membranes for alkaline
anion fuel cells: elucidation of the morphology and the interplay
between morphology and properties”, Soft matter, 12, 1567-78
(2016). G
3) Y. Zhao and S. Koizumi, “Combining small-angle and
intermediate-angle neutron scattering to study the hierarchical
structure in microbial cellulose”, Eur. Polym. J., 66, 437-43 (2015).
N
4) J. Sarapas, K. Saijo, Y. Zhao, R. Hayward, M. Takenaka and
G. Tew, “Phase behavior and Li" ion conductivity of styrene-
ethylene Oxide multiblock copolymer electrolytes”, Polym. Adv.
Tech., 27, 946-54 (2016). N
5) F. Ghobadi, R. Letteri, S. S. Parelkar, Y. Zhao, D. Chan-Seng,
T. Emrick and A. Jayaraman, “Dispersing zwitterions into comb
polymers for non-viral transfection: An integrated experimental
and molecular simulation study”, Biomacromolecules, 17,
546-57 (2016). N

Proceedings
1) Y. Maekawa, “Structure-property Relationships in Graft-type
Polymer Electrolyte Membranes Studied by Complemental
SAXS/SANS Analyses”, Proc. 15th Int. Congr. Radiat. Res.
(ICRR 2015), [Kyoto, Japan], 3-C1-0S-14-01 (2015). G
2) PSR R, A AT, R RS, B RERE, “4-E =K
VT BEFTHTTTNUT = A ARBEREE D G R F E
LT VR UTHIERHE”, Fe4RlE o FFRFER RS, [FLIR],
FE4E 1K19 (2015). G
3) EE B, BRI, /IR, <BiH#s 77 NEAIEE
R FREENT OV EETEIC I DR E A E IO/, 25 64
Bl FHRERRE, U], 54 1K14 (2015). G
4) #/i)Il FEpk, # O, A ~B, ER Fw, un i,
A, MR, X N BELO AR I &
%2757 Mil@E oy T BB IEOE/BERET, 55 64 [Hmsy
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(2015). G
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9) K. Yoshimura, H. Shishitani, S. Yamaguchi, H. Tanaka,
Y. Macekawa, “Graft-Type Anion-Conducting Electrolyte
Membranes Having Poly(2- imidazoliumylstyrene) Prepared By
Radiation-Induced Grafting for Hydrazine Hydrate Fuel Cells”,
228th ECS Meet., [Phoenix, USA], 1470 (2015). G, 1-22

10) 71 LK, WM 5%, &40 A%, Bk B, AR,
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fEEE, SR 27 £RFE B A LA B REED BER HIXAFZE4E
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BIRSCHR BEMG MU XA ZEAc i s R 2, (A ], 4 P-65
(2015). G
12) BRI Am, Fffese ek, HH H—, Al Bk, “Het#s
77 MEBIEIZL DB AMER T A K RIS IRZ 5
DBAFE”, SRk 27 R A A LA BE S BER XA ZE48
iRz, ], 254 P-66 (2015). G, 121
13)H J—, BRI, Bl HERE, Bl 77 MELIRF
BENT VNV EAIECLOHBEME RO, YRk 27 4
JE A A A B SROSSH 1E IS M KO JE A i s R =, (RG],
FELE P-67 (2015). G
14)Beom-S. Ko, S. Hasegawa, K. Yoshimura, T. Hamada, S. Sawada,
and Y. Maekawa, “Mechanism Study on Radiation- induced Graft
Polymerization of fluorinated polymer”, ik 27 & A AN b42
S BIRCHD BERS MK AR R, [A], ZEE P-68
(2015). G
15) % R, 54T A5, BRI, BN RRERK, B Z 7
ERICRDAIF VIV LERT =AU EEEEEO AL,
FERR 27 EHE A A LA BEREH BERS HIXHTZE AT R 2,
[Riikg], ZLE4E P-69 (2015). G
16) EAF A%, e FHew, i, \e A, B R,
“A@7)— TV I VIR R E B B R L7 R
F7 MUY = A A ROBRE —4- (A5 Y VT b2-ANV) ZAF L
B/ — ORI =, PRk 27 HEE A AR BEREHN HES
XA s, (RG], ZEH P-70 (2015). G, 1-22
1A FEpk, 8 B, & a5, Ba F=, o i,
H A, N B, AT LRGeS T T NI =
A REFENEO T VA1V BREIERRE, 5 25 [5] A A MRS
FEROR S, [ifik], 225 4R B1-19-009 (2015). G
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18)S. Sawada, S. Hasegawa, Y. Maekawa, “Preparation of proton
exchange membranes by radiation-induced graft polymerization
and atom-transfer radical polymerization methods”,
Euromembrane 2015, [Aachen, Germany], E-088 (2015). G

19)¥%H B, ULV —) IIUT4T, AT —) 770 F =23,
TE—F VVET, RUAY moa, 43—l TYLR,
YT AT NV EBEE U TRV BRI REEIC LD
PVDF JROVERY, 5o ARw L 2015, [#7], ZELE 79-81
(2015). N

20)Y. Zhao, S. Koizumi, T. Kondo, “A crafty utilization of
intermediate-angle neutron scattering and contrast variation by
water-exchange to study the microstructure of microbial cellulose”,
JPS Conf. Proc., 8, 033002, [Tsukuba, Japan] (2015). N

Patents

1) B R fh, BB ORER, Al Rk, IRV
VT FrU—=, UK Tk, WA K, Lo i,
HE A, <7 = 22l Bk 5736604 (2015.5.1).

2) &P OREE, Al RERKR, AR 2, TR Rk mil R i
1 @ oy - R R K OV o L 5 IR, AR Ek 5757001
(2015.6.12).

3) A% HER, mi)ll Bk, MO Y2, KR B, IT5F B2,
W B2, A& B, 8K L, “MEMLIEIcER T e AR
&y BB L O o fE SR, Bk 5776095
(2015.7.17).

Advanced Catalyst Research Project (P1-2)

Papers
1) S. Tsukuda, R. Takahashi, S. Seki, M. Sugimoto, A. Idesaki,
M. Yoshikawa and S. Tanaka, “Fabrication of Pt nanoparticle
incorporated polymer nanowires by high energy ion and electron
beam irradiation”, Radiat. Phys. Chem. 118, 16-20 (2016).
C,1-23
2) M. Omichi, H. Marui, V. S. Padalkar, A. Horio, S. Tsukuda,
M. Sugimoto and S. Seki, “Fabrication of thermoresponsive
nanoactinia tentacles by a single particle nanofabrication
technique”, Langmuir 31, 11692-700 (2015). C
3) Y. Takeshita, T. Sakurai, A. Asano, K. Takano, M. Omichi,
M. Sugimoto and S. Seki, “Formation of nanowires from
pentacene derivatives by single-particle triggered linear
polymerization”, Adv. Mater. Lett. 6, 99-103 (2015). C, 322
4) H. L. Cheng, M. T. Tang. W. Tuchinda, K. Enomoto, A. Chiba,
Y. Saitoh, T. Kamiya, M. Sugimoto, A. Saeki, T. Sakurai,
M. Omichi, D. Sakamaki and S. Seki, “Reversible control of
radius and morphology of fluorene-azobenzene copolymer
nanowires by light exposure”, Adv. Mater. Interfaces 2, 1400450
(2015). C, 3-22
5) T. Kimata, S. Kato, T. Yamaki, S. Yamamoto, T. Kobayashi
and T. Terai, “Platinum nanoparticles on the glassy carbon
surface irradiated with argon ions”, Surf. Coat. Tech., 306 (A),
123-26 (2016). I, 1-14
6) N. Nuryanthi, T. Yamaki, A. Kitamura, H. Koshikawa,
K. Yoshimura, S. Sawada, S. Hasegawa, M. Asano, Y. Maekawa,
A. Suzuki and T. Terai, “lon-track grafting of vinylbenzyl
chloride into poly(ethylene-co-tetrafluoroethylene) films using
different media”, Trans. Mater. Res. Soc. Jpn. 40, 359-62 (2015).
C,1-15
7 J\E R, JNE RS, R OE -, B s, AR JIE,
BPRy 5L, W T 7 AR LD B RS T
AU ASIEOBAR”, B (MEMBRANE) 41, 114-20 (2016).
E,G,1-17
8) A. Tekayama, A. Idesaki, M. Sugimoto and M. Yoshikawa,
“Swelling of radiation-cured polymer precursor powder for silicon
carbide by pyrolysis”, J. Asia. Ceram. Soc., 3, 402-06 (2015).
E, 1-26
Proceedings
1) N. Nuryanthi, T. Yamaki, A. Kitamura, H. Koshikawa,
M. Sugimoto, Y. Yuri, T. Yuyama, T. Ishizaka and T. Terai,
“Fluence evaluation of large-area heavy ion beams in a
high-fluence range”, Proc. 25th Annu. Meet. Mater. Res. Soc. Jpn.
(MRS-J), [Yokohama, Japan], E1-09-009 (2015). C, 1-15

2) M. Sugimoto, S. Tsukuda, S. Seki and T. Yamaki, “Investigation
of platinum particles in poly(vinylpyrrolidone) nanofibers
prepared by single nanofabrication technique”, Proc. 25th Annu.
Meet. Mater. Res. Soc. Jpn. (MRS-J), [Yokohama, Japan],
E1-09-009 (2015). C, 123, 1-24

3) T. Kimata, S. Kato, T. Yamaki, S. Yamamoto, T. Hakoda,
T. Kobayashi and T. Terai, “Electrocatalytic properties of Pt
nanoparticles on glassy carbon substrate pre-irradiated with Ar
ions”, Proc. 25th Annu. Meet. Mater. Res. Soc. Jpn. (MRS-J),
[Yokohama, Japan], E1-09-012 (2015). 1

4) H. Koshikawa and T. Yamaki, “Ion-track membrane of
polyimide: LET dependence of track etch rates”, Proc. 25th Annu.
Meet. Mater. Res. Soc. Jpn. (MRS-J), [Yokohama, Japan],
E1-09-013 (2015). C, 1-13

5) S. Yamamoto, A. Shimada, A. Miyashita and T. Hakoda,
“RBS/channeling analysis of epitaxial Pt and Pd films irradiated
with ®°Co y-ray”, Proc. 25th Annu. Meet. Mater. Res. Soc. Jpn.
(MRS-)), [Yokohama, Japan], E1-09-006 (2015). S, 1-28

6) S. Yamamoto, M. Sugimoto, A. Miyashita, T. Hakoda, T. Yamaki
and T. Mori, “Precipitation of Pt Nanoparticles on CeO, Films
Using Electron Beams and y-rays”, Proc. 25th Annu. Meet. Mater.
Res. Soc. Jpn. (MRS-J), [Yokohama, Japan], B1-11-003 (2015).

S, 1-28

7) S. Chauhan, T. Mori, T. Kobayashi, S. Yamamoto and
N. Isaka, “Interface design of ultra-low amount Pt loaded
ceria nanowire/C with high ORR activity by proton beam
irradiation at solid-liquid interface”, Proc. 25th Annu. Meet.
Mater. Res. Soc. Jpn. (MRS-J), [Yokohama, Japan],
B1-08-004 (2015). N, 127

8) T. Mori, A. Rednyk, A. Suzuki, S. Yamamoto, S. Chuhan,
N. Isaka and J. Drennan, “Designof active sites inthe interface of
anode layer of solid oxide fuel cell byultra-low amount PtOx
sputtering”, Proc. 25th Annu. Meet. Mater. Res. Soc. Jpn.
(MRS-]), [Yokohama, Japan], B1-19-001 (2015). S, 1-27

9) K. Takahashi, T. Mori, A. Suzuki, S. Chauhan, Y. Maeckawa,
A. Hiroki, K. Yoshimura and S. Yamamoto, “Effect of gamma-
ray irradiation on enhancement of charge transfer in the interface
between less Pt loaded CeO, nanowire/C and Nafion® ionomer
in membrane electrode assembly of PEMFC”, Proc. 25th Annu.
Meet. Mater. Res. Soc. Jpn. (MRS-J), [Yokohama, Japan],
B1-P10-013 (2015). G, 127

10) K. Matsumoto, S. Morohoshi, T. Mori, A. Suzuki, T. Kobayashi,
S. Yamamoto, T. Kondo and J. Nakamura, “Influence of catalysts
and ionomer interface condition on activity of P/GNS in MEA”,
Proc. 25th Annu. Meet. Mater. Res. Soc. Jpn. (MRS-J),
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[Yokohama, Japan], B1-P10-015 (2015). G
1) A4 Fri, g A, JUB M, LK FR, FE REE,
IR, SRR B, AU BRI Ty — I AR BRI
LT Pt T /R ORI TN, 2015 EERILFARK
FRE, (FRA], 1A28 (2015). I
12) R4 i, g A, /& i, LA R, FE R,
ANBRNEE, SRR BESE, A4 — ACI DR E S A4
TR AR B E TR, 5 76 RIS B AR KR
g s, (4 R], 14p-4E-8 (2015). I
13) N. Nuryanthi, T. Yamaki, S. Saiki, A. Kitamura, K. Yoshimura,
H. Koshikawa, S. Sawada and T. Terai, “lon-track grafting of
vinylbenzyl chloride into poly(ethylene-co-tetrafluoroethylene)
film by different ion beams”, Proc. 9th Int. Sympo. Swift Heavy
Ions in Matter (SHIM2015), [Darmstadt, Germany] PB52 (2015).
C,1-15

14) T. Yamaki, N. Nuryanthi, H. Koshikawa, M. Asano, S. Sawada,
A. Kitamura, Y. Mackawa, K.-O. Voss, D. Severin, T. Seidl and

C. Trautmann, “Heavy ion tracks in fluoropolymer film: recent
developments and future prospects”, Proc. 9th Int. Symp. Swift
Heavy Ions in Matter (SHIM2015), [Darmstadt, Germany], PAS1
(2015). C
15) A. Kitamura, T. Yamaki, Y. Yuri, H. Koshikawa, S. Sawada
and T. Yuyama, “lon track etching in PVDF irradiated with

uniform ion beam in an oxygen atmosphere”, Proc. 9th Int. Symp.

Swift Heavy lons in Matter (SHIM2015), [Darmstadt, Germany],
PB48 (2015). C
16)/NF 75, Kil 255, WA A&, /B w5, BPR 5ok,
%E RE, AN E-R, BE =, B i,
Frp g, ALk BR, BB 77 MEIZ L DBV kR
SLELROUGE, SRR aS42 2015, DI, S7-P3 (2015).

E, G, 1-17

1) % GBE, Htag 8, /& fh, B =, B,
EEFT B, AT RIS T T NSRS L DA A AN D
VERLLZ DIRRFEREL, PRk 27 FERHE S S FIR RS,
(3R, 1P234 (2015). C
18) 4 JCBE, & filth, BE =, I 1 E2A 6,
bzt T, “AA LRI T T NEEIRIC I DA A L 2 HIED Y

B OV HEREAL ™, %5 52 [k B S0 & R L K2,
(AEJui], PF-4-0114 (2015). C
19) 4 SelE, Kk By, /UGB fidh, 3@m 5, #)1 E,
BN W, B TR, CAA VBRI T NEGIER Oy $RERS
757 NEEEE I oA A ASHREOVE R R HERTAL, S

B 27 AREER 45 [mifiE RS BT —, [HEwi], P-70
(2015). C
20) KA L, %hik JemE /U fitth, BE R BUI BE
BELR U, HEE K, AT VRN T T NESEICILMAA
2RO VERIERFVERTAT, SRk 27 £REES 45 (Rl
B2 —, [LJuil], P-61 (2015). C
21) /& figdh, “H—RIFORBEFIH LI /U A ¥ DAL
T, REFEPEREA [ — X | R KA (R - B
FIA%, (R, F-3 (2015). C
22) )\E i, “BTE— AR BFIRAA U RO T
— R B, A — DO ATENL T =7, BARNEK
FRBEBRENT B L OIREATZEE, HF4snlm Rk ak L,
[NHJE, G2 (2015). GE G
23)T. Kimata, S. Kato, T. Yamaki, S. Yamamoto, T. Hakoda,
T. Kobayashi and T. Terai, “Platinum nanoparticles on the glassy
carbon surface irradiated with Ar ions”, Proc. 19th Int. Conf. Surf.
Modif. Mater. lon Beams (SMMIB-19), [Chiang Mai, Thailand],
BP9 (2015). I
24) R4 i, JUB fidh, R R, FE MRS ARES KM,

=

T R, EWE IR, R B, MK TR, SRR PR,
PR PR A — M L BT EREL : FRE )
ROVEL R RS IS T %, AARREFT)
B FBCEGE 95140005 FATsEE e A n s, DniLl,

7 (2015). I
25) R4 i, JUB fidh, R R, SFIE B, M BREE
AR T, A= ML DT Ty — =R AR DR
FRMaERA LI Q4T /o O /R, AARSEIR IR
WSPEE M IR B 85 117 ZESTIRFEMEN 55 316 [0
AFgess, RO, (2015). 1
20) i e, @i A, BE OBE, LR R, A4S 13
I\ i, “E RGBS T A~ RS R LT 4
TR RED R, 201545 FEEE39RIFFE AR 2 E RS,
[J\E+], 25pB-2 (2015). N
2N\E fh, XY T e XX, BER O, B,
A AT, BE E—, R OHER, B RRRE, SR R,
P P, = F LT R T A A BT F LA BRSO
HLE = VR DN DA IR T 7 VA S  SOSEE
R OE LRI, B AR A2 H3THEE, (R, 1A-7
(2015). C
28) 4l Tz, TIPN SHF, AR BT, AZA R, R AL
B PIZ, Fl s B0 OGE, 300 COmBE#ETZ
AN —RBIOITFERRSE”, PR 27 SRR R 19 R
(RS, DERU, AAZ—7 (2015). E, G
29) KH B, #R RET, A HE, LA R, )1
B i, <FETRRIRT AR U7 bR SRR AR B M E S,
i, SRR 27 AREE A A LSE BASRHR HERS H DA FE A it
#2, [HilE], (2015). E
30) Y1, REFORER, B fth, i)l R, <A IREARY
AIRBUZBIT DT w7 Ty F L 7D LET RN, Tk
27 SR A AL BRSSP ZE R R =,
(AT, (2015). G, 1-13
31)N. Nuryanthi, T. Yamaki, S. Saiki, A. Kitamura, H. Koshikawa,
K. Yoshimura, S. Sawada, and T. Terai, “Track structure effect
on the ion-track grafting of vinylbenzyl chloride into
poly(ethylene-co- tetrafluoroethylene) films”, V% 27 455 A AR
LA BIRCED BERG MDA e A it R 2, [T (2015).
C, 1-15

32/ EF, Kl 25, Ml A, NEF o, BRA #RL,
A5k T, AR RS, EBE B, /UGB fdh, B (s,
IR IR, T T 7 Mgz OBV KR RGEIS 7 0
TAOLE, HS5ECSHEFET = A2%2015, [Hx], P8-118
(2015). E, G, 1-17
3B/ EF, Kl 2R, Ml A, NEF S, BRAS L,
A5k T, AR ERR, EBE B, /UGB i, B s,
DA iR, “BMEFokFEREEIS 7 e 2 F RS 77 MED
BRAIES, S AR 52015, [#17], P-47 (2015).  E, G, 1-17
34)T. Kodaira, K. Oura, A. lkeda, M. Nomura, Y. Naka,
S. Imabayashi, S. Sawada, T. Yamaki, N. Tanaka and S. Kubo,
“Developments of ion exchange membranes for the thermo-
chemical hydrogen production I-S process”, Proc. 10th SEATUC
(South East Asia Technical Universities Consortium) Symp.,
[Tokyo, Japan], PS01-07 (2016). E, G, 1-17
35) %R JElE, R Bz, /& fth, BE H—, B,
B W, s T, AA VRIS NESHEICE DA
SEHRED YRR O A Fais R PERTAT, s AR 4
2015, (#4771, P-41 (2015). C
36)/NF fEF, Kl ZRE, Ml A, NIRRT, Agn R,
AR ERE, PR mRL, EEE B, /OB i, B (s
DM BIR, “AF AP LB R B REEO = v
F—2hRUE, F 35 FKFE=LF—HakRs, [RA,
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P02 (2015). E, G, 1-17
IN KA Bz, ik JuBE /B fth, BH =, 81 1,
BELR W, st K, AT VRES T NEGEICIDRAA
> SABHADO AR Z DOREORFVERHR, 25 30 1] [E DU E M1 X
ma RS, [Ra1], PA17 (2015). C
) KAk Hz, ik LB /B fth, BH =, 81 1,
BESR W, sk K, AF VRN T NEGEICIDRAA
2RO VERE R PR A, SRR 27 4R35 53 [ml@n 192
B LI BT it RO, P14 (2015). C
39) M. Goto, T. Yamaki, H. Koshikawa, S. Sawada, A. Kitamura
and M. Higa, “Characterization of ion-exchange membranes
prepared by ion irradiation graft polymerization method”, Proc.
Int. Chem. Congr. Pacific Basin Soc. 2015 (PACIFICHEM2015),
[Honolulu, USA], MACR 1230 (2015). C
40) A. Idesaki, M. Sugimoto, A. Shimada, S. Yamamoto, M. Taguchi
and T. Yamaki, “Synthesis of a nitrogen-containing carbon

material with oxygen reduction activity from polymer precursors”,

Proc. Int. Chem. Congr. Pacific Basin Soc. 2015 (PACIFI-
CHEM2015) [Honolulu, USA] MTLS 1472 (2015). I, 1-25
41) 1R Fh, BT RO, A BZ, Al B =80 ¢
FRIBH TICB DB B OB LR, 2016 42 A ARE)ET
SEMARE, R, 177 (2016). G, 1-28
) R4 i, JUCE fdh, LA b, FE s R R,
N 8, R o, R B, R Ve, S B,
“XAFSTEIZEDAAA L WIHT T o — T —R AR L
TPt /PRI SR AT IS AT, 552900 A AHGLF24F
2 BEPERIEA TR RT L, [H1], 7Aa007 (2016). I
VY ER R, KA i, )& fith, (LR Fh, SEH R,
IR N, A e — MR D IRFBIR O T K e EFI AL
TPt ki TR O/ERL (1) BESRE TG, BRILFE
H83lEkE, [MH], 1K31 (2016). I, 1-14
44 KA i, B fih, IR B, R KB, T i,
S WS, AR W2, MERT B, AR RVE, AR FREE,
AF U — ML DIRFEORE T KM FIA L Pt T /8%
K7D ERL (2): RPTERET, BRILFEaE 83 |k
£, [, 1K32 (2016). I
) AR FERE, KE B, IR Fbh, B, R fhh,

IR WS, BRI R MR R AR A LT RS %R
Y —RfE~DEFEN”, BEXLFEE 83 [HIRE,
("], 3K07 (2016). E, 123
46) )11 1, 1R B, A HH, S0 8, B0 =2,
& fith, “AA L — LA AWRR T/ =— RV OfE
i AR R 96 FEFES, [H], 3D1-51 (2016).
C,1-13
ANRVY T4 XX, B R, E24 #E, I I,
HH B, 58 A%, S Mg, AA R T 7N ES
IBICE DT = BRI D VE L R AT, H A
b5 96 FEF4, ML, 2D4- 01 (2016). C,1-15
48) KH Afd, /& i, A& Fem, LA Fd, )1 1,
IR BEH, T =T B AR LD R R AR R
~DEFEAZR, AREFRE 96 BEFEFL, DHL],
2D4-04 (2016). E
49) AT #RIL, N RS, ORI BRE, WE AR, A5 RE,
VAl Bz, Ak BB, EE H—, JUS filth, m sE
IR BB, “BMEFKBRLED 72D O IHR YT 7 MED B
T, AL TR 81 M4, [WH ], F113 (2016).  E, G, 1-17
50)H. Matsuoka, H. Hayashi, H. Nishikawa, H. Koshikawa and
Y. Mackawa, ‘“Proton beam writing on polyvinylidene difluoride
films for high-aspect-ratio micro-structuring”, Proc. 59th Int.
Conf. Electron, Ion, and Photon Beam Tech. and Nanofabrication
(EIPBN2015), [San Diego, USA], PO7-03 (2015/5). S, 3-15

Patents
1) & Flz, vruny 77, 8K &, /MK i, (LA Fih,
FH EsE B fidh, PR AR T U A Y ROV
DOBGEFENONZE D&, HiE 2016-004627 (2016.1.13).
G,1-27
2) JUE fifth, BE O (RAUPEEAE - SIS, s,
DB B (TR - T 1k - BRI |), R4S 650
CEM TR, “BMbksRiEay#—hiisk (1S) 7'mtk
ADIET B BUSHHAE R 20 F 4 A D #is 7
15", MBS F5E 2016-026841.

Positron Nano-Science Research Project (P1-3)

Papers

1) T4 T3, BB I AL AR RS ES T — 27,
BRI 4, 9-22 (2015). C

2) Wt JRS, “AE AR E - — AOISHIIE, B
PEZE 139 75, 18-22 (2015). C

3) L. Mochizuki, H. Ariga, Y. Fukaya, K. Wada, M. Mackawa,
A. Kawasuso, T. Shidara, K. Asakura and T. Hyodo, “Structure
determination of the rutile-TiO, (110)-(1x2) surface using
total-reflection high-energy positron diffraction (TRHEPD)”,
Phys. Chem. Chem. Phys., 18, 7085-92 (2016). N

Proceedings
1) A. Kawasuso, “Spin-polarized positron annihilation spectroscopy
-Prestnt and Future-” (Invited), Proc. 17th Int. Conf. Positron
Annihilation, [Wuhan, China] (2015/9). C
2) M. Maekawa, H. Li, A. Kawasuso, “Construction of a spin-
polarized positronium time-of-flight measurement apparatus”,
17th Int. Conf. Positron Annihilation, [Wuhan, China] (2015/9).
C,1-32,3-12
3) it 25, Al ORER, 85 3RE), “@REM ORI
SRR, B 52 [BIT AV —7 - R gE e, A

(2015/7). N
4) HJI HERL, THE RS, AL AR Y= AR T R
BRAEEORE, 5 52 [B]7 A h—7 Jdtiige s, (B
(2015/7). C, 1-32, 3-12
5) /Il HER, IR RS, <EREIERS A c koA
AR b= ARATRERIE L BB, A A S
2015 FRkEFRZ, [RH] (2015/9). C, 1-32, 3-12
6) B Y, Al FE, B OB, AR RS, AR AR E
FE—2E AW A ZE LA R E OB, B AT
22015 HERERR S, [RH] (2015/9). N
7 B O, WE RS, Wik B R e=r MR
DE—JFH N R EE VT8, 5P FER
FTEEMaFsE S TR R Re 2 OB T ~0u5H |, [AEE
(2015/11). N
8) R B, A O, mpll R, B Gz, mF EE,
AL AR E B — A& D Bi RMRa YLD E
B AL L HREOBIH”, 5 35 BIREBFAINGHEHE,

[-o<1Z], 1Hp06 (2015/12). N
9) {1t BT, “ACARMYE T - AR e =0 Aok
Bi”, R - SRIERATIER 2016, [FFH] (2016/3). N

10) {45 JE5, “AEARIREGTE A IS LD A W PERTSE
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OBLR” (FRFFRER), AAYEYS 5 71 FFERRS Sk
10 2R DY L, BB DRI B AR, [lA]

(2016/3). N

Semiconductor Analysis and Radiation Effects Research Project (P1-4)

Papers
1) N. Iwamoto, A. Azarov, T. Ohshima, A. M. M. Moe and
B. G. Svensson, “High temperature annealing effects on
deep-level defects in a high purity semiinsulating 4H-SiC
substrate”, J. Appl. Phys., 118, 045705 (2015). N
2) A. Lohrmann, N. Iwamoto, Z. Bodrog, S. Castelletto, T. Ohshima,
T. J. Karle, A. Gali, S. Prawer, J. C. McCallum and B. C. Johnson,
“Single-photon emitting diode in silicon carbide”, Nature
Communications, 6, 7783 (2015). L E
3) Y. Ruan, B. C. Gibson, D. W. M. Lau, A. D. Greentree, H. Ji,
H. Ebendorft-Heidepriem, B. C. Johnson, T. Ohshima and
T. M. Monro, “Atom-photon coupling from nitrogen-vacancy
centres embedded in tellurite microspheres”, Sci. Rep., 5, 11486
(2015). E
4) Y. Liu, G. Chen, Y. Rong, L. P. McGuinness, F. Jelezko,
S. Tamura, T. Tanii, T. Teraji, S. Onoda, T. Ohshima, J. Isoya,
T. Shinada and E. Wu, H. Zeng, “Fluorescence polarization
switching from a single silicon vacancy colour centre in
diamond”, Sci. Rep., 5, 12244 (2015). N
5) S. Onoda, M. Haruyama, T. Teraji, J. Isoya, W. Kada,
O. Hanaizumi and T. Ohshima, “New application of NV centers
in CVD diamonds as a fluorescent nuclear track detector”, Phys.
Status Solidi A 212, 2641-44 (2015). G, 1-05
6) L. J. Rogers, M. W. Doherty, M. S. J. Barson, S. Onoda,
T. Ohshima and N. B. Manson, “Singlet levels of the NV-centre
in diamond”, New J. Phys., 17, 013048 (2015). E
7) S.Ai. Sato, K. Beernink and T. Ohshima, “Energy loss process
analysis for radiation degradation and immediate recovery of
amorphous silicon alloy solar cells”, Jpn. J. Appl. Phys. 54,
061401 (2015). T, I, E, 1-06
8) Y. Liu, P. Siyushev, Y. Rong, B. Wu, L. P. McGuinness,
F. Jelezko, S. Tamura, T. Tanii, T. Teraji, S. Onoda, T. Ohshima,
J. Isoya, T. Shinada, H. Zeng and E. Wu, “Investigation of the
silicon vacancy color center for quantum key distribution”, Optics
Express, 23, 32961-967 (2015). N
9) H. Abe, S. Tokuhira, H. Uchida and T. Ohshima, “Surface
Modifications of Hydrogen Storage Alloy by Heavy lon Beams
with keV to MeV Irradiation Energies”, Nucl. Instrum. Meth.
Phys. Res. B 365, 214-17 (2015). I, 1-31
10) T. Ohshima, T. Yokoseki, K. Murata, T. Matsuda, S. Mitomo,
H. Abe, T. Makino, S. Onoda, Y. Hijikata, Y. Tanaka,
M. Kandori, S. Okubo, T. Yoshie, “Radiation response of
silicon carbide metal-oxide-semiconductor transistors in high
dose region”, Jpn. J. Appl. Phys. 55, 01ADO1 (2016). G
11)M. Kato, K. Miyake, T. Yasuda, M. Ichimura, T. Hatayama,
T. Ohshima, “Spectral response, carrier lifetime, and photo-
currents of SiC photocathodes”, Jpn. J. Appl. Phys., 55, 01AC02
(2016). E
12) A. Lohrmann, S. Castelletto, J. R. Klein, T. Ohshima, M. Bosi,
M. Negri, D. W. M. Lau, B. C. Gibson, S. Prawer, J. C. McCallum,
B. C. Johnson, “Activation and control of visible single defects in
4H-, 6H-, and 3C-SiC by oxidation”, Appl. Phys. Lett., 108,
021107 (2016). N
13) W. Kada, Y. Kambayashi, Y. Ando, S. Onoda, H. Umezawa,
Y. Mokuno, S. Shikata, T. Makino, M. Koka, O. Hanaizumi,
T. Kamiya and T. Ohshima, “Investigation of electrically-active

deep levels in single-crystalline diamond by particle-induced
charge transient spectroscopy”, Nucl. Instrum. Meth. Phys. Res.
B, 372, 151-55 (2016). T, 3-01, 3-14
14) V. Grilj, N. Skukan, M. Jaksic, M. Pomorski, W. Kada,
T. Kamiya, T. Ohshima, “The evaluation of radiation damage
parameter for CVD diamond”, Nucl. Instrum. Meth. Phys. Res. B,
372, 161-64 (2016). T
15) A. Lohrmann, B. C. Johnson, A. F. M. Almutairi, D. W. M. Lau,
M. Negri, M. Bosi, B. C. Gibson, J. C. McCallum, A. Gali,
T. Ohshima and S. Castelletto, “Engineering single defects in
silicon carbide bulk, nanostructures and devices”, Mater. Sci.
Forum, 858, 312-17 (2016). T, I
16)N. Iwamoto, A. Azarov and T. Ohshima, A. M. M. Moe,
B. G. Svensson, “Thermal stability of deep-level defects in high-
purity semi-insulating 4H-SiC substrate studied by admittance
spectroscopy”’, Mater. Sci. Forum, 858, 357-60 (2016). N
17)G. W. Kim, R. Arai, S. J. Ma, M. Okamoto, H. Yoshioka,
S. Harada, T. Makino, T. Ohshima and T. Umeda, “Relationship
between C-face defects and threshold-voltage instability in C-face
4H-SiC MOSFETs studied by electrically detected magnetic
resonance”, Mater. Sci. Forum, 858, 591-94 (2016). G
18) T. Makino, S. Onoda, N. Hoshino, H. Tsuchida and T. Ohshima,
“Epitaxial layer thickness dependence on heavy ion induced
charge collection in 4H-SiC Schottky barrier diodes”, Mater. Sci.
Forum, 858, 753-56 (2016). C, 1-01
19) S-I. Kuroki, H. Nagatsuma, M. De Silva, S. Ishikawa, T. Maeda,
H. Sezaki, T. Kikkawa, T. Makino, T. Ohshima, M. Ostling and
C.-M. Zetterling, “Characterization of 4H-SiC nMOSFETs in
harsh environments, high-temperature and high gamma-ray
radiation”, Mater. Sci. Forum, 858, 864-67 (2016). G
20) T. Matsuda, T. Yokoseki, S. Mitomo, K. Murata, T. Makino,
H. Abe, A. Takeyama, S. Onoda, Y. Tanaka, M. Kandori,
T. Yoshie, Y. Hijikata and T. Ohshima, “Change in character-
istics of SiC MOSFETs by gamma-ray irradiation at high
temperature”, Mater. Sci. Forum, 858, 860-63 (2016). G
21) Y. Kobayashi, T. Yokozeki, T. Matsuda, S. Mitomo, K. Murata,
M. Hachisuka, Y. Kaneko, T. Makino, A. Takeyama, S. Onoda,
T. Ohshima, Y. Tanaka, M. Kandori, T. Yoshie, Y. Hijikata,
“Gamma-ray irradiation response of the motor-driver circuit with
SiC MOSFETs”, Mater. Sci. Forum, 858, 868-71 (2016). G
22) M. Narisawa, M. Koka, A. Takeyama, M. Sugimoto, A. Idesaki,
T. Satoh, H. Hokazono, T. Kawai and A. Iwase, “In-situ
monitoring of ion-beam luminescence of Si-O-C(-H) ceramics
under proton- beam irradiation”, J. Ceram. Soc. Jpn., 123, 805-08
(2015). S
23)G. A. Alvarez, C. O. Bretschneider, R. Fischer, P. London,
H. Kanda, S. Onoda, J. Isoya, D. Gershoni and L. Frydman,
“Local and bulk "*C hyperpolarization in nitrogen-vacancy-
centred diamonds at variable fields and orientations”, Nature
Commun., 6, 8456(1-8) (2015). E, 1-11
24)N. Aslam, M. Pfender, R. Stohr, P. Neumann, M. Scheffler,
H. Sumiya, H. Abe, S. Onoda, T. Ohshima, J. Isoya, and
J. Wrachtrup, “Single spin optically detected magnetic resonance
with 60-90 GHz (E-band) microwave resonators”, Rev. Sci.
Instrum., 86, 064704(1-8) (2015). E, 1-11
25) C. Grezes, B. Julsgaard, Y. Kubo, W. L. Ma, M. Stern,
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A. Bienfait, K. Nakamura, J. Isoya, S. Onoda, T. Ohshima,
V. Jacques, D. Vion, D. Esteve, R. B. Liu, K. Melmer, and
P. Bertet, “Storage and retrieval of microwave fields at the
single-photon level in a spin ensemble”, Phys. Rev. A, 92,
020301(R) (1-5) (2015). E, 1-11
26) T. Wolf, P. Neumann, K. Nakamura, H. Sumiya, T. Ohshima,
J. Isoya, and J. Wrachtrup, “Subpicotesla Diamond
Magnetometer”, Phys. Rev. X, 5, 041001 (1-10) (2015). E, 1-11
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J. Wrachtrup, and S. Koizumi, “Homoepitaxial diamond film
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and single color center formation”, Phys. Status Solidi A, 212,
2365-84 (2015). T, I, 1-11
28) A. Tekayama, A. Idesaki, M. Sugimoto and M. Yoshikawa,
“Swelling of radiation-cured polymer precursor powder for
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(2015). E, 1-26
29) T. Kamiya, T. Satoh, M. Koka, W. Kada, “Development of
microbeam technology to expand applications at TTARA”, Nucl.
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Proceedings
1) S.-i. Sato, K. J. Schmieder, S. M. Hubbard, D. V. Forbes,
J. H. Warner, T. Ohshima and R. J. Walters, “Defects in GaAs
solar cells with InAs quantum dots created by proton irradiation”,
Proc. 42th IEEE Photovoltaic Specialists Conf. (PVSC42), [New
Orleans, USA] 2015-663 (2015). N, 1-06
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2015-674 (2015). E
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solar cells for use in space”, Proc. 11th Int. Workshop Radiat. Eff.
Semicond. Devices Space Appl. (11th RASEDA) & 7th Int. Conf.
Adv. Micro-Device Eng. (7th AMDE), [Kiryu, Japan], 69-72
(2015). E
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Y. Okuno and T. Ohshima, “Measurement of ion beam induced
current in quantum dot solar cells”, Proc. 11th Int. Workshop
Radiat. Eff. Semicond. Devices Space Appl. (11th RASEDA) &
7th Int. Conf. Adv. Micro-Device Eng. (7th AMDE), [Kiryu,
Japan], 73-76 (2015). I
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T. Ohshima and K. Suzuki, “Single-event effects evaluated by
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Semicond. Devices Space Appl. (11th RASEDA) & 7th Int. Conf.
Adv. Micro-Device Eng. (7th AMDE), [Kiryu, Japan], 97-100
(2015). C, 1-03
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and T. Ohshima, “Cross-section estimation method for memory
cells with considerable variation of SEU sensitivity”, Proc. 11th
Int. Workshop Radiat. Eff. Semicond. Devices Space Appl. (11th

RASEDA) & 7th Int. Conf. Adv. Micro-Device Eng. (7th
AMDE), [Kiryu, Japan], 101-04 (2015). C, 1-03
7) H. Nagatsuma, S-1. Kuroki, M. De Silva, S. Ishikawa, T. Maeda,
H. Sezaki, T. Kikkawa, T. Makino, T. Ohshima, M. Ostling and
C.-M. Zetterling, “Characterization of 4H-SiC nMOSFETs with
As-doped S/D and NbNi silicide contacts after high gamma-ray
radiation”, Proc. 11th Int. Workshop Radiat. Eff. Semicond.
Devices Space Appl. (11th RASEDA) & 7th Int. Conf. Adv.
Micro-Device Eng. (7th AMDE), [Kiryu, Japan] 117-18 (2015).
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9) A. Takeyama, T. Matsuda, T. Yokoseki, S. Mitomo, K. Murata,
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RASEDA) & 7th Int. Conf. Adv. Micro-Device Eng. (7th
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A. Takeyama, S. Onoda, T. Ohshima, S.Okubo, Y. Tanaka,
M. Kandori, T. Yoshie and Y. Hijikata, “Effect of the package on
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Micro-Device Eng. (7th AMDE), [Kiryu, Japan], 148-51 (2015).
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14) H. Kraus, D. Simin, F. Fuchs, S. Onoda, T. Makino, V. Dyakonov,
T. Ohshima and G. Astakhov, “Defect engineering in silicon
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Proc. 11th Int. Workshop Radiat. Eff. Semicond. Devices Space
Appl. (11th RASEDA) & 7th Int. Conf. Adv. Micro-Device Eng.
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15)H. Sasaki, Y. Nabeshima, T. Hisaka, K. Kadoiwa, H. Koyama,
Y. Kamo, Y. Yamamoto, S. Onoda and T. Ohshima, “Irradiation
effects of ions on AlGaN/GaN HEMTs”, Proc. 31st Annu.
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T. Ohshima, “X-Ray characterization of short pulse laser
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Biocompatible Materials Research Project (P1-5)
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1) M. Narisawa, M. Koka, A. Takeyama, M. Sugimoto, A. Idesaki,
T. Satoh, H. Hokazono, T. Kawai and A. Iwase, “In-situ
monitoring of ion-beam luminescence of Si-O-C(-H) ceramics
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(2015). S
2) S. Tsukuda, R. Takahashi, S. Seki, M. Sugimoto, A. Idesaki,
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beam irradiation”, Radiat. Phys. Chem. 118, 16-20 (2016).
C,1-23
3) T. Seguchi, K. Tamura, H. Kudoh, A. Shimada and M. Sugimoto,
“In-situ monitoring of ion-beam luminescence of Si-O-C(-H)
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3197-206 (2015). C
4) S. Kurashima, N. Miyawaki, H. Kashiwagi, S. Okumura,
M. Taguchi, and M. Fukuda, “Enhancement of beam pulse

controllability for a single-pulse formation system of a cyclotron”,

Rev. Sci. Instrum. 86, 073311 (2015). C, 3-06
5) K. Iwamatsu, Y. Muroya, S. Yamashita, A. Kimura, M. Taguchi
and Y. Katsumura, “Quick measurement of continuous absorption
spectrum in ion beam pulse radiolysis: Application of optical
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Phys. Chem., 119, 213-17 (2016). S
6) A. Hiroki, S. Yamashita, A. Kimura, N. Nagasawa and
M. Taguchi, “Effect of heavy ion irradiation on optical property
of radiation- crosslinked hydroxypropyl cellulose gel containing

methacrylate monomers”, Nucl. Instrum. Meth. Phys. Res. B, 365,

583-86 (2015). G
7) A. Kimura, N. Nagasawa, A. Shimada, and M. Taguchi,
“Crosslinking of polysaccharides in room temperature ionic
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Radiat. Phys. Chem., 123, 14-19 (2016). N
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1
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4
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7
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A. Kimura, N. Nagasawa, and M. Taguchi, “Radiation-induced
crosslinking of cellulose in room temperature ionic liquids”, Proc.
15th Int. Congr. Radiat. Res. (ICRR 2015), [Kyoto, Japan]
(2015/5). G, 1-70
A. Hiroki, S. Yamashita, A. Kimura, N. Nagasawa, and
M. Taguchi, “Dose response of polymer gel dosimeter based on
hydroxypropyl cellulose hydrogel ~ Toward the application on
heavy ion therapy ~”, Proc. 15th Int. Congr. Radiat. Res. (ICRR
2015) [Kyoto, Japan], (2015/5). G
Y. Kumagai, A. Kimura, M. Taguchi, “Hydrogen and hydrogen
peroxide productions by y-irradiation of A-, X-, Y- and mordenite
type zeolites in aqueous solution”, Proc. 15th Int. Congr. Radiat.
Res. (ICRR 2015) [Kyoto, Japan], (2015/5). G, 1-68
BEAR EEL IF B, AR 2% RE ML, AL 6,
ED JEIE, “W%Tﬁ@”‘”i/fﬂ//—}\@ﬁ): 8D 3 otk
BEOAMRHEORA”, & 110 [\ B AR ERAITRS
[$Lrb5é], (2015/9). G
AR, R WAL, BE OHEZ, BR OGE, A Akl
BAE— LB DR THEURIR S HE S L ORI, 7
B 27 AR H A b B B X AT IE AT i s R,
[RiAE], (2015/12). G, 1-70
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M. Taguchi, Y. Kumagai, A. Kimura, “Treatment of pharma-
ceuticals and antibiotics in wastewater by ionizing radiation”,
Proc. 4th Res. Coord. Meet. (RCM) Radiat. Treat. of Wastewater
for Reuse with Particular Focus on Wastewaters Containing
Organic Pollutants, IAEA-CRP, [Beijing, China] (2015). G, 1-68
A. Idesaki, M. Sugimoto, A. Shimada, S. Yamamoto, M. Taguchi
and T. Yamaki, “Synthesis of a nitrogen-containing carbon
material with oxygen reduction activity from polymer precursors”,
Proc. Int. Chem. Congr. Pacific Basin Soc. 2015 (PACIFI-
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Environmental Polymer Research Project (P1-6)

Papers
1) T. Shibata, N. Seko, H. Amada, N. Kasai, S. Saiki, H. Hoshina
and Y. Ueki, “Evaluation of a cesium adsorbent grafted with
ammonium 12-molybdophosphate”, Radiat. Phys. Chem., 119,
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2) WA A, BRI TR A B L7 4 B AR D BRI -
BRERI LB S BHEL O, BXGER, 621, 47-51 (2015).
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Element Separation and Analysis Research Project (P1-7)
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1) K. Tamura, and R. Yamagishi, “Laser cutting conditions for steel
plates having a thickness of more than 100 mm using a 30 kW
fiber laser for nuclear decommissioning”, Mech. Eng. J., 3,
15-00590 (2016). N
2) K. Tamura, R. Ishigami and R. Yamagishi, “Laser cutting of
thick steel plates and simulated steel components with a 30 kW
fiber laser”, J. Nucl. Sci. Tech., 53, 916-20 (2016). N
3) E. Minehara, S. Toyama, K. Tamura and H. Nakamura,
“Radioisotope decontamination and cutting of structural objects
using laser for the decommissioning of nuclear power plants”,
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4) N. Nakashima, K. Yamanaka, M. Saeki, H. Ohba, S. Taniguchi,
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with micro-Joule energy and their efficiencies”, J. Photochem.
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6) Y. Yamazaki, M. Yoshimoto, P. K. Saha, M. Kinsho, T. Taguchi,
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J. Radioanal. Nucl. Chem., 305, 859-64 (2015). I, 1-48
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1) N. Ishikawa, N. Okubo, T. Taguchi, “Crystalline hillock
formation of oxides irradiation with swift heavy ions; TEM
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2) 35 LRI, M A, DN B & AT, R JEid,
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L — I Z 05y S K DK T ER O LR 534717, [Wuhan,
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“Development of a High Average Power Laser for High
Brightness X-ray Source and Imaging at cERL”, Proc. 6th Int.
Part. Accel. Conf. (IPAC-15), [Richmond, USA], 1579-81 (2015).
N
3) R. Nagai, R. Hajima, M. Mori, T. Shizuma, T. Akagi, S. Araki,
Y. Honda, A. Kosuge, N. Terunuma and J. Urakawa,
“Demonstration of High-flux Photon Generation from an
ERL-based Laser Compton Photon Source”, Proc. 6th Int. Part.
Accel. Conf. (TIPAC-15), [Richmond, USA], 1607-09 (2015). N
4) T. Kubo, T. Saeki, E. Cenni, Y. Iwashita, H. Tongu, R. Hajima,
M. Sawamura, “Multipactor Simulations in 325 MHz Super-
conducting Spoke Cavity for an Electron Accelerator”, Proc. 6th
Int. Part. Accel. Conf. (IPAC-15), [Richmond, USA], 2892-94
(2015). N
5) R. Hajima, M. Sawamura, E. Cenni, Y. Iwashita, H. Tongu,
T. Kubo and T. Saeki, “Development of Superconducting Spoke
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Cavities for Laser Compton Scattered X-ray Sources”, Proc. 6th
Int. Part. Accel. Conf. (IPAC-15), [Richmond, USA], 2902-04
(2015). N
6) N. Nishimori, “Review of Experimental Results from High
Brightness DC Guns: Highlights in FEL Applications”, Proc. Int.
FEL Conf. (FEL-2015) [Daejeon, Korea], 269-73 (2015). N
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Beam Engineering Section (P3-2)

Papers
1) H. Yoshizaki, A. Hashimoto, Y. Kaneno, S. Semboshi, Y. Saitoh,
Y. Okamoto and A. Iwase, “Modification of surface hardness for
dual two-phase NizAl-Ni3V intermetallic compound by using
energetic ion beam and subsequent thermal treatment”, Nucl.
Instrum. Meth. Phys. Res. B, 345, 22-26 (2015). T, 1-33~36
2) H. Yoshizaki, A. Hashimoto, Y. Kaneno, S. Semboshi, F. Hori,
Y. Saitoh, A. Iwase, “Energetic ion-beam induced crystal phase
transformation and resulting hardness change in NijAl
intermetallic compound”, Nucl. Instrum. Meth. Phys. Res. B, 354,
28791 (2015). T, 1-33~36
3) D. Ueyama, Y. Saitoh, N. Ishikawa, T. Ohmura, S. Semboshi,
F. Hori, A. Iwase, “Hardness modification of Al-Mg-Si alloy by
using energetic ion beam irradiation”, Nucl. Instrum. Meth. Phys.
Res. B, 351, 1-5 (2015). T, 1-33~36
4) K. Nakano, H. Yoshizaki, Y. Saitoh, N. Ishikawa and A. Iwase,
“XRD study of yttria stabilized zirconia irradiated with 7.3 MeV
Fe, 10 MeV 1, 16 MeV Au, 200 MeV Xe and 2.2 GeV Au ions”,
Nucl. Instrum. Meth. Phys. Res. B, 370, 67-72 (2016).
T, 1-33~36
5) H. Kojima, H. Yoshizaki, Y. Kaneno, S. Semboshi, F. Hori,
Y. Saitoh, Y. Okamoto and A. Iwase, “Lattice structure trans-
formation and change in surface hardness of NisNb and Ni;Ta
intermetallic compounds induced by energetic ion beam
irradiation”, Nucl. Instrum. Meth. Phys. Res. B, 372, 72-77
(2016). T, 1-33~36
6) Y. Fujimura, S. Semboshi, Y. Okamoto, Y. Saitoh, T. Matsui and
A. Twase, “Magnetic states of cobalt atoms in copper metal after
cobalt-implantation and effects of subsequent annealing”, Trans.
Mater. Res. Soc. Jpn. 41(2), 209-12 (2016/3). T, 1-33~36
7) T. Satoh, A Yokoyama, A. Kitamura, T. Ohkubo, Y. Ishii,
Y. Takahatake, S. Watanabe, Y. Koma, W. Kada, “Particle
Induced X-ray Emission-Computed Tomography Analysis of an

Adsorbent for Extraction Chromatography”, Nucl. Instrum. Meth.
Phys. Res. B, 371, 419-23 (2016). T, 1-56
8) K. Nakai, Y. Yamamoto, E. Okamoto, T. Yamamoto, F. Yoshida,
A. Matsumura, N. Yamada, M. Koka and T. Satoh, “Boron
analysis for neutron capture therapy using particle-induced
gamma-ray emission”, Appl. Radiat. Isot., 106, 166-70 (2015).
S, 2-40
9) Y. Shimizu, K. Dobashi, H. Nagase, K. Ohta, T. Sano,
S. Matsuzaki, Y. Ishii, T. Satoh, M. Koka, A. Yokoyama,
T. Ohkubo, Y. Ishii and T. Kamiya, “Co-localization of iron
binding on silica with p62/sequestosomel (SQSTM1) in lung
granulomas of mice with acute silicosis”, J. Clin. Biochem. Nutr.,
56, 74-83 (2015). S, 2-42
10) Y. Matsuda, K. Okuyama, H. Yamamoto, H. Komatsu, M. Koka,
T. Satoh, N. Hashimoto, S. Oki, C. Kawamoto and H. Sano,
“Fluorine uptake into the human enamel surface from fluoride-
containing sealing materials during cariogenic pH cycling”, Nucl.
Instrum. Meth. Phys. Res. B, 348, 156-59 (2015). S, 2-44
11) S. Harada, S. Ehara, K. Ishii, T. Satoh, M. Koka, T. Kamiya,
K. Sera and S. Goto, “Targeted concurrent chemoradiotherapy, by
using improved microcapsules that release carboplatin in
response to radiation, improves detectability by computed
tomography as well as antitumor activity while reducing adverse
effect in vivo”, Biomed. Pharmacother., 70, 196-205 (2015).
S, 2-45
12)S. Harada, S. Ehara, K. Ishii, T. Satoh , M. Koka, T. Kamiya,
K. Sera, S. Goto, “Imaging of lung metastases using CT-
detectable microcapsules and their radiotherapeutic treatment
using targeted carboplatin nanoparticles”, Int. J. PIXE, 25(1&2),
53-64 (2015). S, 2-45
13) W. Kada, K. Miura, H. Kato, R. Saruya, A. Kubota, T. Satoh,
M. Koka, Y. Ishii, T. Kamiya, H. Nishikawa and O. Hanaizumi,
“Development of embedded Mach-Zehnder optical waveguide
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structures in PDMS thin films by proton beam writing”, Nucl.
Instrum. Meth. Phys. Res. B, 348, 218-22 (2015). S, 3-01, 3-14
14) W. Kada, Y. Kambayashi, N. Iwamoto, S. Onoda, T. Makino,
M. Koka, T. Kamiya, N. Hoshino, N. Hoshino, H. Tsuchida,
K. Kojima, “Development of diagnostic method for deep levels in
semiconductors using charge induced by heavy ion microbeams”,
Nucl. Instrum. Meth. Phys. Res. B, 348, 240-45 (2015).
C,T,S,3-01, 3-14
15)W. Kada, A. Yokoyama, M. Koka, K. Miura, T. Satoh,
O. Hanaizumi, and T. Kamiya, “Continuous observation of ion
beam induced luminescence spectra from organic standard
targets”, Int. J. PIXE, 25, 127-34 (2015). S, 3-01, 3-14
16) A. Yamazaki, Y. Orikasa, K. Chen, Y. uchimoto, T. Kamiya,
M. Koka, T. Satoh, K. Mima, Y. Kato and K. Fujita, “In-situ
measurement of the lithium distribution in Li-ion batteries using
micro-IBA techniques”, Nucl. Instrum. Meth. Phys. Res. B, 371,
298-302 (2015). S, 3-03
17) A. Masuda, T. Matsumoto, H. Harano, Y. Tanimura, Y. Shikaze,
H. Yoshitomi, S. Nishino, S. Kurashima, M. Hagiwara, Y. Unno,
J. Nishiyama, M. Yoshizawa and H. Seito, “Time-of-flight
measurements for low-energy components of 45-MeV quasi-
monoenergetic high-energy neutron field from 7Li(p, n) reaction”,
IEEE Trans. Nucl. Sci. 62(3), 1295-300 (2015). C, 3-04
18)S. Kurashima, N. Miyawaki, H. Kashiwagi, S. Okumura,
M. Taguchi, and M. Fukuda, “Enhancement of beam pulse
controllability for a single-pulse formation system of a cyclotron”,
Rev. Sci. Instrum., 86, 073311 (2015). C, 3-06
1985 &, “PArabar o/ LAE — MERRET, Bt
27, 100, 49-51 (2015). C, 3-06
20) T. Kitayama, K. Nakajima, M. Suzuki, K. Narumi, Y. Saitoh,
M. Matsuda, M. Sataka, M. Tsujimoto, S. Isoda, K. Kimura,
“Temperature of thermal spikes in amorphous silicon nitride films
produced by 1.11 MeV Cg’" impacts”, Nucl. Instrum. Meth.
Phys. Res. B, 354, 183-86 (2015). I, 3-20
21)T. Kitayama, Y. Morita, K. Nakajima, K. Narumi, Y. Saitoh,
M. Matsuda, M. Sataka, M. Tsujimoto, S. Isoda, M. Toulemonde,
K. Kimura, “Formation of ion tracks in amorphous silicon nitride
films with MeV Cg ions”, Nucl. Instrum. Meth. Phys. Res. B,
356-57, 22-27 (2015). T, 3-20
22) H. Hayashi, T. Kitayama, S. Matsuzaki, K. Nakajima, K. Narumi,
Y. Saitoh, M. Tsujimoto, M. Toulemonde, K. Kimura,
“Evaluation of local temperature around the impact points of fast
ions”, Nucl. Instrum. Meth. Phys. Res. B, 365, 569-72 (2015).
I, 3-20
23) T. Kitayama, Y. Morita, K. Nakajima, K. Narumi, Y. Saitoh,
M. Matsuda, M. Sataka, M. Toulemonde, and K. Kimura,
“Sputtering of amorphous silicon nitride irradiated with energetic
Cgo 1ons: Preferential sputtering and synergy effect between
electronic and collisional sputtering”, Nucl. Instrum. Meth. Phys.
Res. B, 365, 490-95 (2015). I, 3-20
24)H. L. Cheng, M. T. Tang. W. Tuchinda, K. Enomoto, A. Chiba,
Y. Saitoh, T. Kamiya, M. Sugimoto, A. Saeki, T. Sakurai,
M. Omichi, D. Sakamaki and S. Seki, “Reversible control of
radius and morphology of fluorene-azobenzene copolymer
nanowires by light exposure”, Adv. Mater. Interfaces 2, 1400450
(2015). C, 322
25) A. Yokoyama, W. Kada, T. Satoh, M. Koka, K. Miura, and
O. Hanaizumi, “Tonoluminescence analysis of glass scintillators
and application to single-ion-hit real-time detection”, Nucl.
Instrum. Meth. Phys. Res. B, 371, 340-43 (2016), {22nd Int. Conf.
Ion Beam Anal., [Opatija, Croatia] (2015/6)}. C, 328

26) M. Narisawa, M. Koka, A. Takeyama, M. Sugimoto, A. Idesaki,
T. Satoh, H. Hokazono, T. Kawai and A. Iwase, “In-situ
monitoring of ion-beam luminescence of Si-O-C(-H) ceramics
under proton- beam irradiation”, J. Ceram. Soc. Jpn., 123, 805-08
(2015). S
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5) Ukt dERR, SRk B, RS A, ILH M, EE4 7,
Yok BElE, TLE B, M B, R T, b 1,
“R&. micro-PIXE 4 V2 B AHE T RUE G (MDS) 124
T AIRMERNIS &R OMIE”, Proc. 62th Annu. Meet.
Kitakanto. Soc. Jpn., [Maebashi, Japan], B5-27 (2015). S, 2-41

6) Y. Koga, K. Dobashi, K. Kaira, T. Satoh, M. Koka, N. Yamada,
T Hisada, Y Masakiyo, A. Ono, Y. Kamide, K. Seki, H. Aoki,
H. Tsurumaki and M. Yamada, “In-air microparticle induced
X-ray emission analysis of inhaled particulates in thoracic lymph
node in a patient with asbestos exposure”, Proc. Annu. Meet. Am.
Thorac. Soc. 2016, [Denver, USA], (2015). S, 242

7) Y. Maeda, T. Tatsumi, Y. Noguchi, Y. Kawakubo, H. Kobayashi,
K. Narumi and S. Sakai, ‘“Photoluminescence enhancement of
B-FeSi, nanocrystals controlled by transport of holes in Cu-doped
n-type Si substrates”, Proc. JJAP Conf., 3, 011107, [Tokyo,
Japan], (2015). S, 3-02

8) Y. Maeda, T. Tatsumi, Y. Kawakubo, Y. Noguchi, K. Morita,
H. Kobayashi, K. Narumi, “Enhancement of photoluminescence
from Cu-doped B-FeSiy/Si heterostructures”, Proc. JJAP Conf., 3,
011108, [Tokyo, Japan], (2015). S, 3-02

9) A. Masuda, T. Matsumoto, H. Harano, H. Yoshitomi, S. Nishino,
Y. Tanimura, Y. Shikaze, S. Kurashima, H. Seito, M. Hagiwara,
Y. Unno, J. Nishiyama, M. Yoshizawa, “Spectral measurement of
quasi-monoenergetic high-energy neutron field by combination of
the TOF and the Bonner unfolding methods”, IEEE Nucl. Sci.
Symp. Med. Imaging Conf., N3AP-83, [San Diego, USA],
(2015/10-11). C, 3-04

10) A. Masuda, T. Matsumoto, H. Harano, H. Yoshitomi, Y. Tanimura,
Y. Shikaze, S. Kurashima, H. Seito, M. Hagiwara, Y. Unno,
J. Nishiyama and M. Yoshizawa, “Development and evaluation of
activation neutron detectors for spectrum measurements of quasi-
monoenergetic high-energy neutron fields”, 2014 IEEE Nucl. Sci.
Symp. Conf. Rec., [Seattle, USA], DOI: 10.1109/NSSMIC.2014.
7431173 (2015). C, 3-04
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11) S. Kurashima, N. Miyawaki, H. Kashiwagi, M. Fukuda,
“Improvement of Mass-to-Charge Ratio Resolution of the JAEA
AVF Cyclotron Using a Beam Chopping System”, Proc. 13th Int.
Conf. Heavy Ion Accel. Tech. (HIAT2015), [ Yokohama, Japan],
68-70 (2015/9). C, 3-06

12)N. Miyawaki, S. Kurashima, H. Kashiwagi, S. Okumura and
M. Fukuda, “Phase Bunching in the Central Region of the JAEA
AVF Cyclotron for Heavy-lon Acceleration in the Third-
Harmonic Mode”, Proc. 13th Int. Conf. Heavy Ion Accel. Tech.
(HIAT2015), [Yokohama, Japan], 62-64 (2015). C, 3-07

13) H. Kashiwagi, N. Miyawaki and S. Kurashima, “Preliminary test
of injection tuning using an emittance and acceptance
measurement system in JAEA AVF cyclotron”, Proc. 12th Annu.
Meet. Part. Accel. Soc. Jpn., [Tsuruga, Japan], 703-05 (2015).

C, 3-07

14)N. Miyawaki, M. Fukuda, S. Kurashima, H. Kashiwagi and
S. Okumura, “Evaluation of beam phase restriction with beam
phase defining slit in the JAEA AVF cyclotron”, Proc. 12th Annu.
Meet. Part. Accel. Soc. Jpn., [Tsuruga, Japan], 706-08 (2015).
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17)Y. Yuri, T. Yuyama, T. Ishizaka, K. Yoshida, 1. Ishibori, and
S. Okumura, “Formation of a Uniform Ion Beam Based on
Nonlinear Focusing and its Applications at the JAEA TIARA
Cyclotron”, Proc. 6th Int. Part. Accel. Conf. (IPACIS),
[Richmond, USA], 236-38 (2015). C, 3-09

18) Y. Yuri, “Three-Dimensional Ordering of Cold Ion Beams in a
Storage Ring: A Molecular-Dynamics Simulation Study”,
AIP, Conf. Proc. 1668, 050005, [ Takamatsu, Japan], (2015).
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External Research Groups Except for Takasaki Advanced Radiation Research Institute
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1) K. Takakura, M. Hori, M. Yoneoka, I. Tsunoda, T. Nakashima,
E. Simoen, C. Claeys, “Thermal recovery process of electron
irradiated Sil-xCx source/drain n-MOSFETs”, Physica Status
Solidi C., 12, 1405-08 (2015). E, 1-07

2) K. Moto, S. Sakiyama, H. Okamoto, H. Hara, H. Nishimura,
K. Takakura, I. Tsunoda, “Enhancement of Au induced lateral
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J. Appl. Phys., 55, 04EJ06 (2016). E, 1-07

3) K. Amemiya, H. Koshikawa, T Yamaki, Y. Maekawa, H Shitomi,
T. Numata, K. Kinoshita, M. Tanabe, D. Fukuda, “Fabrication of
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etched ion tracks; Toward broadband ultra-low reflectance”, Nucl.

Instrum. Meth. Phys. Res., B, 356-57, 154-59 (2015). C, 1-19
4) Y. Fujimura, H. Yoshizaki, S. Nakagawa, Y. Okamoto, N. Ishikawa,
F. Hori and A. Iwase, “EXAFS study on solute precipitation in
FeCu alloy induced by energetic electron bombardments and
thermal aging”, Nucl. Instrum. Meth. Phys. Res. B, 354, 120-24

(2015). T, 1-33~36

5) Y. Yamamoto, T. Kishino, T. Ishiyama, A. Iwase and F. Hori,

“Study on lattice defects in CeO, by means of positron

annihilation measurements”, J. Phys.: Conf. Series 674, 12015

(2016). T, 1-33~36

6) T. Koide, H. Uno, H. Sakane, M. Sakamaki, K. Amemiya,
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117, 17E503 1-3 (2015). T, 1-33~36
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energy and fluence on deuterium retention behavior in neutron
irradiated tungsten”, Phys. Scripta T, 167, 014068 (2016). T, 1-44
10)K. Ozawa, H. Tanigawa, Y. Morisada, H. Fujii, “Impacts of
friction stir processing on irradiation effects in vacuum-plasma-
spray coated tungsten”, Fusion Eng. Des., 98-99, 2054-57
(2015/10). T, 145
11) H. Tanigawa, K. Ozawa, Y. Morisada, S. Noh, H. Fujii,
“Modification of vacuum plasma sprayed tungsten coating on
reduced activation ferritic/martensitic steels by friction stir
processing”, Fusion Eng. Des., 98-99, 2080-84 (2015/10). T, 1-45
12)I. Yamagishi, R. Nagaishi, C. Kato, K. Morita, A. Terada,
Y. Kamiji, R. Hino, H. Sato, K. Nishihara, Y. Tsubata, S. Tashiro,
R. Saito, T. Satoh, J. Nakano, W. Ji, H. Fukushima, S. Sato,
M. Denton, “Characterization and Storage of Radioactive
Zeolite Waste”, J. Nucl. Sci. Tech., 51(7-8) 1044-53 (2014).
G, 1-65, 1-66
13) Y. Matsumoto, T.-M.-D. Do, M. Inoue, R. Nagaishi, T. Ogawa,
“Hydrogen Generation by Water Radiolysis with Immersion of
Oxidation Products of Zircaloy-4”, J. Nucl. Sci. Tech., 52(10),
1303-07 (2015). E, G, 1-66
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Appendix 2 Type of Research Collaboration and Facilities Used for Research

Paper ng ﬁ;bfofr{:tsiilr:il Irradiation Facilities*2 Paper ng ﬁ;bfofr{:tsiilr:il Irradiation Facilities*2
No. | Joint | Entr. |Coop.|Inter.| Ext. No. | Joint | Entr. |Coop.|Inter.| Ext.

Res. | Res. ResI.) Use | Use CIT|S|I]E|S Res. | Res. ResI.) Use | Use CIT{S|I]E|S
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1-02] @ ©|© 1-49 { ©
1-03] @ © 1-50] @ ©
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1-05| @ © © 1-52 [ ] ©
1-06] @ © 1-53 { ©
1-07 o © 1-54] @ ©
1-08 ®|O 1-55 { ©
1-09] @ © 1-56 o ©
1-10 ®|O 1-57 (] ©
1-11] @ © ©|© 1-58 { ] ©
1-12] @ ©(0]|0 1-59 e ©
1-13 { ] © 1-60 { ] ©
1-14 [ ] © © 1-61 (] ©
1-15 { ] © © 1-62 { ] ©
1-16] @ ©|O] 1-63 o ©
1-17] @ ©|O] 1-64 { ] ©
1-18 [ ] © 1-65 (] ©
1-19 ®|O 1-66 { ] ©
1-20 o © 1-67 { ©
1-21 [ ] ©| O] 1-68 [ ] ©
1221 @ @] 1-69 { ©
1-23] @ © 1-70] @ ©
1-24] @ © 1-71 o ©|0
1-25 { ] © 1-72] @ ©|0
1-26 [ J © 1-73] @ ©|0
1-27] @ © 1-74] @ ©|0
1-28 [ ] © 1-75 [ ] ©|0
1-29] @ © 1-76 { ] ©|0
1-30 (] © ©
1-31] @ © 2-01 o ©
1-32 [ ] © 2-02 [ ] © ©
1-33] @ © 2-03 { ] ©
1-34] @ © 2-04] @ ©
1-35] @ © 2-05| @ ©
1-36 o © 206 @ ©
1-37 [ ] 9|00 2-07| @ ©
1-38 [ ] ©(0]|0 2-08] @ ©
1-39 { ] ©|0|O0 2091 @ ©
1-40 { ©|© 2-10| @ ©
1-41 [ ] 9|0 2-11| @ ©
1-42 { ©|0|© 2-12| @ ©
1-43 (J © 2-13| @ ©
1-44 o © 2-14| @ ©
1-45| @ © 2-15| @ ©
1-46 { © 2-16| @ ©
1-47] @ ©]2-17| @ ©

— 225 —

QST Takasaki Annual Report 2015



QST Takasaki Annual Report 2015

Paper Té]z fl;bfo}:aetsif;r:? Irradiation Facilities*2 Paper Té]z fl;bfo}:aetsif;r:? Irradiation Facilities*2
No. [ Joint | Entr. [Coop.|Inter. | Ext. No. [ Joint | Entr. [Coop.|Inter. | Ext.
Res. | Res. Resr.) Use | Use ClT|S ElG Res. | Res. Resr.) Use | Use CIT[S|T|E]G
2-18 { © 3-121 @ ©
2-19 [ ] © 3-13] @ ©
2201 @ © 3-141 @ ©
221| @ © 3-15| @ ©
2221 @ © 3-16 { ©
2-23 ®|O 3-17 [ ©
2-24 ® |0 3-18 [ © ©
2-25 { ] @] 3-19 o ©
226 @ © 3-20 o © ©
2-27 [ ] © ©] 3-21 (J © ©
228 @ © 3-22 L ©
22291 @ ©] 3-23 oN
2-30| @ © 3-24 [ ] ©|0 ©
231 @ © 3-251 @ ©
2-32 { © 3-26 ®|O
2-33 o © 3-27 o ©
2-34] ®N 3-28 e ©
235 @ © 3-29 o ©
2-36| @ © 3-30 [ ©
2-37 o © 3-31 o ©
2-38 ] © 3-32 o ©
2-39 o © 3-33 o ©
2-40 o © 3-34 o ©
2-41 o ©
2-42 o © 4-01 ©|0|0|©
2-43 [ © 4-02 ©
2-44 o © 4-03 ©1©|0
2-45 [ © 4-04 ©[o
4-05 ©|0
3-01| @ © 4-06 ©|0(0]|O
3-021 @ © 4-07 ©|0(0]|0
3-03] @ © 4-08 ©(o(o|[0|0]|O
3-04] @ ©
3-05 o ©
3-06 o ©
3-07 o ©
3-08 o ©|0
3-09 { ] ©
3-10 oN
3-11 (] © Total | 62 2 18 56 14 |50 128 (2924 |17 (40
*1 Type of Research Collaboration *2 Utilization of Irradiation Facilities
Joint Res. : Joint research with external users C : AVF Cyclotron
Entr. Res. : Research entrusted to JAEA T :3 MV Tandem Electrostatic Accelerator
Coop. Res. : Cooperative research with plural S : 3 MV Single-ended Electrostatic Accelerator
universities through The University of Tokyo I:400 kV Ion Implanter
Inter. Use : Internal use E : 2 MV Electron Accelerator
Ext. Use : Common use based on two programs of | G : Co-60 Gamma-ray Irradiation Facilities
"JAEA-facility-use" and "Creation of Research
Platforms and Sharing of Advanced Research N : Non-use of irradiation facilities at TARRI
Infrastructure" supported from MEXT
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Appendix 3  Examples of Typical Abbreviation Name for Organizations in National
Institutes for Quantum and Radiological Science and Technology, and
Japan Atomic Energy Agency

@ Institute, Center, Laboratory etc.

TARRI (B8 &S ARFFEAT) : Takasaki Advanced Radiation Research Institute
NFI (BRET R Eh A wF4e ) Naka Fusion Institute

RF1 X7 ATzt & wH 92 pr) Rokkasho Fusion Institute

KPSI (B 78 e R 58T ) Kansai Photon Science Institute

NIRS (R E S A FIEAT) National Institute of Radiological Sciences
NSEC (R 71 JeffE Ttz 2 —) Nuclear Science and Engineering Center

NERCC (i1 Jmpud— i #—):  Nuclear Engineering Research Collaboration Center

AFRC (KR miiF 7%t 4— ):  Advanced Fast Reactor Cycle System Research and
Development Center

NHARC (-7 /K3 - B b 502 7 —) - Nuclear Hydrogen and Heat Application Research Center

NSRI (501 S B8R | Nuclear Science Research Institute

NFCEL (BZIREF A 7 v T2 92T ) - Nuclear Fuel Cycle Engineering Laboratories

ORDC (KBEMIERSE 2 —): Oarai Research and Development Center

J-PARC (J-PARCE> ¥ —): J-PARC Center

CLADS (BEfF [E BRI RAFE 2 —) Collaborative Laboratories for Advanced Decommissioning
Science

@ Department, Division, Center etc.

o i 1 N3] o= o W SBT3 I b 7 A S R S e
= Department of Advanced Functional Materials Research, TARRI, QST
<R E— AREMFSEEY . SRS SRR SO A G SR
= Department of Radiation-Applied Biology Research, TARRI, QST
cEE— ARMERFSEEY iR b SR ET . B R R R
= Department of Advanced Radiation Technology, TARRI, QST
<R ARERFSEEY ik s A BEZERT, R — s AR 2 —
= Tokai Quantum Beam Science Center, TARRI, QST
cEFE— SRR SRR, BV RV ERRIEAT . B AR A BT SRS
= Department of Quantum Beam Life Science, KPSI, QST
RS LSRR FEE T . ARERL R S SERT . M~ 7 S AT LB FE
= Department of Tokamak System Technology, NFI, QST
Rl A SRR TEEL T L S TR ST IERT . BERL G AP S AT LI SE R T
= Department of Fusion Reactor Systems Research, RFI, QST
RS LSRRI TEEL T L S TR S I ZERT . BZRLE SRR 2 BH 5 1
= Department of Fusion Reactor Materials Research, RFL, QST
< U BREE A B FERIT . O R P 5 TR SR A 28350
= Department of Basic Medical Sciences for Radiation Damages, NIRS, QST
JRF SRR — | R T e YAy
= Nuclear Chemistry Division, NSEC, JAEA
TR TR S — | B R T e Ve
= Environment and Radiation Sciences Division, NSEC, JAEA

‘*
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T IE TE I — | BB T A Y
= Fuels and Materials Engineering Division, NSEC, JAEA
R M TS e 5 — | BAIF S R 7 e Vs
= LWR Key Technology Development Division, NSEC, JAEA
et AT SE 2 —
= Advanced Science Research Center, JAEA
SR TR B R g 2 —
= Materials Science Research Center, SNSR, JAEA

C KUEHFFEBH S B o — | 48 B R R B
= Fukushima Fuels and Materials Department, ORDC, JAEA

- RUEWFZERR S B2 — RSB E 22—
= Neutron Irradiation and Testing Reactor Center, ORDC, JAEA

JRA-FIKGE BRI e 2 — RFERIAERR R T e
= Hydrogen Application Research and Development Division, NHARC, JAEA

*J-PARC ¥ — JI#dET AL Var
= Accelerator Division, J-PARC, JAEA
FEIREIY A7V TEARESERT . PR BN B B 7 —
= Tokai Reprocessing Technology Development Center, NFCEL, JAEA
FEIREL A7V TR FERT ., BRI BN B B 57—
= Nuclear Backend Technology Center, NFCEL,JAEA
FEIREEY A7V T5ABFFERT @ s BT BR FE AR AR
= Department of Fukushima Technology Development, NFCEL, JAEA

S UAAEE ST A TN TER S £ B — R A 7 VBB 6 B
= Fast Reactor Fuel Cycle Technology Development Department, AFRC, JAEA
B E S RIbTTE S — | BB T e
= Waste Management Division, CLADS, JAEA
BB S — | L — W — LA SERT
= Applied Laser Technology Institute, JAEA
SRR ML 2 — | HUE R EAT SRR

= Geoscientific Research Department, Tono Geoscience Center, JAEA

M R BT PR R 2 —
= Naraha Remote Technology Development Center, JAEA
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