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Quantum Beam Science Research Directorate

National Institutes for Quantum and Radiological Science and
Technology

National Institutes for Quantum and Radiological Science and Technology (QST) was established in
April 2016 by integrating the National Institute of Radiological Sciences (NIRS) and other institutes
promoting quantum beam science research and nuclear fusion research in the Japan Atomic Energy
Agency (JAEA). Currently, QST has three R&D directorates, i.e., “Quantum Beam Science Research
Directorate (QuBS),” “Quantum Medical Science Directorate,” and “Fusion Energy Directorate,” and one
institute, i.e., “Institute for Quantum Life Science.” QuUBS consists of three research institutes, i.e., “Takasaki
Advanced Radiation Research Institute (TARRI),” “Kansai Photon Science Institute (KPSI),” and “Institute
for Advanced Synchrotron Light Source (IASLS).” We are performing intensive fundamental and applied
research in a wide range of fields, such as materials science, life science, and quantum beam technology,
using advanced beam facilities. Both TARRI and KPSI have two research sites, i.e., Takasaki and Tokai
sites of TARRI and Kizu and Harima sites of KPSI. Typical beam facilites we use are the Takasaki lon
Accelerators for Advanced Radiation Application (TIARA) at the Takasaki site, Japan Proton Accelerator
Research Complex (J-PARC) at the Tokai site, Japan-Kansai Advanced Relativistic Engineering Laser
System (J-KAREN) at the Kizu site, and highly sophisticated beamlines of Super Photon Ring-8 GeV
(SPring-8) at the Harima site. In IASLS, we are constructing a new advanced synchrotron light source for
soft X-rays with ultrahigh intensity and coherence.

In TARRI, we have 15 research projects and two research groups conducting 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 industries Particularly to promote strong
alliance with industries, the Advanced Functional Polymer Materials Research Group was launched in 2017
under the QST innovation hub program to develop next-generation graft-polymer materials with the
combined use of quantum beam processing and analysis techniques as well as materials informatics. The
Quantum Sensing and Information Materials Research Group was launched in August 2018 to conduct
fundamental and applied research for realizing quantum devices, such as quantum sensors, quantum bits,
and spin transistors, based on wide-bandgap semiconductors including diamonds and two-dimensional
materials such as graphene. Moreover, we are performing R&D on advanced ion beam technology at the
Beam Engineering Section of the Department of Advanced Radiation Technology. Additionally, our beam
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facilities are available to industries, academia, and governmental research institutes, and beam time is
allocated to users based on the evaluation of their R&D programs.

This annual report covers the research activities at TARRI primarily for the fiscal year 2019 (FY 2019).
This report comprises two parts—Part | and Part Il. In Part I, the recent activities of all research projects
and groups as well as the Beam Engineering Section are described. In Part II, the recent R&D results
obtained using quantum beam facilities of TARRI are presented. This part is composed of 102 research
papers in the fields of materials science, life science, and advanced quantum beam technology and eight
status reports on the operation/maintenance of the quantum beam facilities. Note that as a typical topic in
the materials science field, the novel heterostructure of graphene and Heusler alloy was successfully
obtained for its application to next-generation spintronic memories. The heterostructure of high-quality
single-layer graphene and half-metallic CoFe(GeosGaos) (CFGG) Heusler alloy ferromagnet were
synthesized by optimizing growth conditions using the chemical vapor deposition method. In the life
science field, an imaging device of secondary electron bremsstrahlung (SEB) X-ray emitted during carbon-
ion irradiation was developed for medical applications. Clear images of SEB X-ray were obtained from a
17-cm-diameter cylindrical phantom with a near-clinical dose of carbon ions. The developed camera is a
promising device for SEB X-ray imaging during medical ion irradiation because the images agreed with the
simulated results. For the advanced quantum beam technology, triple qubit comprising nitrogen-vacancy
(NV) centers in diamonds has been created via molecular ion irradiation. Using nitrogen-rich CsNsH,, ions,
triple NVs were effectively created in diamonds. Obtained results indicated that the created triple NVs can
act as a quantum register.

Concerning the status of quantum beam facilities, an azimuthally varying field (AVF) cyclotron and
three electrostatic accelerators in TIARA have been steadily and safely operated as well as MeV electron
and ®°Co gamma-ray irradiation facilities. We are planning to refresh the infrastructure in TIARA each year.
In FY 2019, a centrifugal chiller system that chills and circulates water for water-cooled equipment, such as
the main coil of the AVF cyclotron, was replaced with a new one. The operating performance and cost of
the cooling system is expected to improve. The RI security system of the ®°Co gamma-ray irradiation
facilities adapting the new regulations has been smoothly operated.

Finally, we extend our gratitude to both our domestic and foreign colleagues for cooperating,
supporting, and encouraging our quantum beam science R&D as well as technological advance in the

facilities of TARRI.

QST Takasaki Annual Report 2019



Facilities

—iii =
QST Takasaki Annual Report 2019



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 Ceo fullerene at the

electrostatic accelerators are in progress.

Takasaki lon Accelerators for Advanced Radiation Application: TIARA

__________________

lon implanter

_iV_
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[ Typical available ions ]
Accelerator lon Energy (MeV)
H 10~ 80
He 20~107
C 75~ 320
AVF Cyclotron ':‘(: 17550:355200
(K=110MeV) Fe 200~ 400
Kr 210~ 520
Xe 324~ 560
Os 490
H 0.8~ 6.0
Tandem C 0.8~18.0
Accelerator Ni 0.8~18.0
(3 MV) Au 0.8~18.0
Caqo 0.8~9.0
. H 04~ 3.0
Spoeswded | o | os~a0
(3 MV) He 04~ 3.0
e 0.4~ 3.0
H 0.02~0.38
lon Implanter Ar 0.02~0.38
(400 kV) Bi 0.02~0.37
Cso 0.02~0.36

Energy-element range covered
by the four accelerators

—_
o

Energy (MeV)

=
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Cobalt-60 gamma-ray and electron beam irradiation facilities

Electron accelerator

Gamma-ray irradiation facility building |
(0.5~2.0 MeV, 0.1~30 mA |

A [l

Gamma-ray irradiation room

___________________________________________

Specification Apr. 2020
o Cobalt-60 Number . v
Name of facility activity (PBq) | of rooms Principal utilization
Radiation-resistance test
o e il 08 8 Radiation effects on polymers
Co No.2 bid. 8.3 3 R &D on functlgnal organlc.materlals,
inorganic materials and dosimetry
Eerad] [l 21 2 Radiation effects on biological
substance and semiconductors
Dose-rate range Unit : kGy/h

Name of room | 10+ 103 1072 10 100 10! 102 103 104 109

Co No.2 I:||:l

CoNo.7 I
Food No.1 [

EB accel. M
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P1-1

Project “Functional Polymer Research” has been
developing the advanced functional polymer materials,
such as polymer electrolyte materials and separation
membranes for high performance fuel cells and hydrogen
collection systems by using quantum beams. We have
synthesized the proton- and anion-conducting electrolyte
membranes (PEM and AEM) and the hydrogen
permselective membranes using y-rays and electron
beams. We report herein two recent developments:
poly(ether ether ketone) (PEEK)-based PEMs and
poly(ethylene-co-tetrafluoroethylene) (ETFE)-based AEMs
for hydrogen- and alkaline hydrated hydrazine-fuel cells.
{1-01~03 in Part 11}

Thermally stable graft-type polymer electrolyte
membranes consisted in PEEK and crosslinked graft-
polymers for fuel cell applications [1]

PEMs with higher proton conductivity at low relative
humidity (RH) and superior mechanical properties under
humid conditions have been required because these
properties affect power generation efficiency and durability
under extreme operating conditions in fuel cell systems.
Since PEEK-based PEMs show well balanced properties of
power generation and durability for PEM fuel cells at high
temperature and dry conditions, the crosslinking structure
were introduced in the graft polymers using a small amount
of divinylbenzene (DVB) (up to 0.5 wt.%) for further
improving the durability.

The ion exchange capacity of the DVB-crosslinked
PEEK-PEMs with grafting degrees (GDs) of 100-114% was
2.2-2.7 mmol/g regardless of the amount of DVB. The
increases in the DVB contents reduced the proton
conductivity and water uptake from 0.18 to 0.10 S/cm and
67 to 43%, respectively. These confirm the successful
incorporation of crosslinking structures on the graft
polymers. The crosslinked PEEK-PEMs exhibited quite
stable ion exchange capacities (IECs) even after 500 h in
water at 120 °C, as shown in Fig. 1. In contrast, the IECs of
non-crosslinked PEEK-PEM decreased from 2.5 to 1.6
mmol/g for 500 h. The above results clearly showed that
the thermal stability at high temperature increased with less
compensation of the conductivity decreases by the
incorporation of a small amount of DVB.

Imidazolium-based anion exchange membranes for
alkaline anion fuel cells: Interplay between
morphology and anion transport behavior [2]

We have previously reported that AEMs consisted of the
ETFE base film and graft-copolymers of 2-metyl-N-methyl-
4-vinylimidazole (Im) and styrene (St) with various ratios
(Im/St = 6/4, 4/6, and 3/7) (AEM64, AEM46, and AEM37)

exhibited both high ion conductivity and alkaline stability [3].

In this study, we investigated the correlation between the
anion transport properties and microscopic structures of
the AEMs analyzed using the small-angle X-ray scattering
(SAXS) spectrometer (NANOPIX, Rigaku, Japan).

The anion transport properties were evaluated based on
the transport efficiency defined as a ratio of anion diffusion
coefficients in AEMs to dilution solutions (D/Do). The D/Do
for AEM46 and AEM37 was similar with AEM64 at low
hydration levels, but clearly deviated down from it at high

Project “Functional Polymer”

Leader : Yasunari Maekawa A %:q‘

hydration levels. Figure 2 shows SAXS profiles of the AEMs
at the high hydration level (80% RH). AEM46 and AEM37
exhibited peaks in a higher q range than that in AEM64.
This is due to the morphological transition. The conducting
phase in AEM64 were composed of graft polymers with
homogeneously dispersed ions. In contrast, the conducting
phase in AEM46 and AEM37 exhibited a heterogeneous
structure with water puddles, resulting in the suppression
of anion transport.
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Fig. 1. Hydrothermal stabilities of PEEK-PEMs with various feed
amounts of DVB (wt.%) in water at 120 °C: 0 wt.% (@), 0.05 wt.%
(O), 0.1 wt.% (), 0.2 wt.% (A), and 0.5 wt.% (<>). Nafion 211
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P1-2 Project “Advanced Catalyst”

The main target of our project is development of catalytic
materials for next-generation energy devices in future Hz
society by effective use of electron and ion beams. The
advantage of our overarching strategy is that these
quantum beams can lead to high-energy defect creation,
active-site formation via non-equilibrium chemical reactions,
and nano-to-micro fabrication. This report deals with R&D
for component materials in proton exchange membrane
fuel cells and Hz production systems. {1-04~16 in Part II}

Non- and low-platinum electrocatalysts prepared by
electron- and ion-beam irradiation [1-3] {1-04, 05, 07, 12, 14}

Non- or low-Pt oxygen reduction reaction (ORR)
electrocatalysts are needed to decrease the device cost.
Our advanced methods using electron and ion beams were
pursued for the preparation of carbon-based catalysts and
highly-active Pt nanoparticles (NPs).

There have been two approaches to developing carbon-
based catalysts: (i) N doping in a graphitic structure; (ii) the
formation of graphitic nanostructures such as shell-like and
turbostratic graphite structures. We attempted ion
implantation in a phenolic resin to prepare Fe NPs with a
diameter of <20 nm, which were used as a catalyst for the
formation of the ORR-active turbostratic graphite [1].

We have recently found that the carbon support pre-
irradiated with hundreds keV ions made the deposited Pt
NP catalysts more active [2]. The extended X-ray
absorption fine structure of the Pt Ls-edge indicated the
shrinking of the Pt-Pt bond length in Pt NPs on the
irradiated support. This result motivated us to investigate
the overall picture of the interface between the Pt NPs and
vacancies in irradiated carbon. Thus, X-ray absorption
near-edge structure (XANES) measurements of C K-edge
were performed to examine the interfacial structures [3].

Highly ordered pyrolytic graphite (HOPG) substrates
were irradiated with 380 keV Ar* at a fluence of 1.0x 10"
ions/cm?2. Pt NPs were deposited on the non-irradiated and
irradiated HOPG supports by RF magnetron sputtering; the
resulting samples are referred to as PYHOPG and
Pt/irradiated HOPG, respectively. The C K-edge XANES
spectra with a probing depth of approximately 0.6 nm
(corresponding to a thickness of a few graphene layers)
were measured at room temperature and below 2x 108 Pa.

In the XANES spectra at an X-ray incident angle of 30°,
six peaks corresponding to different chemical or electronic
states were identified by curve fitting analysis. Interestingly,
they involve a new state (peak F) due to the Pt-C bonding
(~284 eV) in addition to the structures of the pristine and
ion-irradiated HOPG such as the n* state (~285 eV; peak
A). Table 1 shows the areal-intensity ratio of peak F to A.
This was apparently higher for Pt/irradiated HOPG than for
Pt/HOPG, suggesting that the introduction of vacancies in
the graphite surface would modify the electronic structure
caused by the Pt-C interaction.

New nano-sized materials prepared by swift-heavy-ion
irradiation [4-6] {1-06, 08~11, 13, 15, 16}

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
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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 have recently developed a variety of new
nanomaterials [4-6] such as cation-exchange membranes
(CEMSs), blackbody materials, and catalyst supports.

Nanostructure-controlled CEMs were prepared by ion-
track grafting for applications to thermochemical water-
splitting iodine-sulfur (IS) process for Hz production. The IS
process requires the electrochemical membrane Bunsen
reaction at lower overpotentials. Most of the reactions have
been carried out so far at room temperature using a
commercially-available Nafion membrane and non-porous
metallic-plate anode.

The CEM at an ion exchange capacity of 2.9 mmol/g was
tested for the membrane Bunsen reaction under the
conditions of various anode materials and temperatures. A
testing electrolysis cell had an aqueous solution of SO2 and
H2S04 as the anolyte and an aqueous solution of HI and |2
as the catholyte. The cell voltage was recorded in the
current-density range of 0 to 200 mA/cm? and theoretically
analyzed by curve fitting. This enabled us to estimate the
ohmic overpotential, Vonmic, mainly associated with the
proton transport in the CEM and activation overpotential of
the anodic oxidation, Vanodic.

We found that the porous Au anode and a reaction
temperature of 50 °C gave the lowest overpotential. Figure
1 shows Vonmic and Vanodic achieved in this study. Importantly,
the Vonmic value was about 1/4 that of the conventional
membrane Bunsen reaction. This would be because our
CEM possessed the lowest resistivity of 5.5 Q cm, which
corresponds to only 45% that of the conventional Nafion
212 membrane.
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Table 1
The position, areal intensity of peaks A and F, and areal-intensity
ratio (F/A).

peak A peak F i i
position  areal position  areal arealjlnten5|ty
(eV)  intensity (eV) intensity ratio (F/A)
Pt/HOPG 284.97 0.306 283.81 0.233 0.761
Pt/irradiated HOPG ~ 285.00 0212 283.93 0.254 1.20
Vohmic vanodi:
conventional 044
this study 0.10 -
0 0.2 04 0.6 0.8

Overpotential (V)
Fig. 1. Vonmic and Vanodic for the membrane Bunsen reaction using
the new CEM in this study, compared with those for the
conventional reaction.
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P1-3 Project “Positron Nanoscience”
Leader: Atsuo Kawasuso

The aim of this project is to reveal the novel phenomena
related to “spin” in solids using our original spin-polarized
positron beam technologies. So far, we have been
constructing the spin-polarized surface positronium
spectroscopy that is substantially useful for detecting spin-
polarization at the first surface layer and the spin-polarized
positron annihilation spectroscopy in strong magnetic field
for detecting vacancy-induced magnetism. To establish the
foundation of the above spectroscopies, deep
understanding of positron and positronium elementary
processes is also indispensable. We thus pursue such a
basic aspect of positron physics, too. In this report, we pick
up two achievements in the last fiscal year (2019); one is
the magnetic insulation of graphene from substrate
Co2FeGaosGeos revealed by spin-polarized positronium
spectroscopy and one is the vacancy spin polarization in
Gd-implanted GaN studied by spin-polarized positron
annihilation spectroscopy.

Magnetic insulation of graphene from CFGG studied by
spin-polarized positronium spectroscopy [1]

Following previous work on graphene on Ni(111) and
Co(0001) surfaces [Phys. Rev. B 97, 195405 (2018)], the
spin polarization of graphene on a Co2FeGaosGeos
(CFGG) (001) surface was examined using spin-polarized
surface positronium spectroscopy. The graphene was
found to be magnetically insulated from the CFGG(001)
even after heat treatment, which increased the spin
polarizations of graphene on Ni(111) and Co(0001). First-
principles calculations indicated that graphene is weakly
bound to the CFGG(001) surface mainly through the van
der Waals interaction, and consequently the interlayer
distance between graphene and the CFGG(001) surface is
greater (~3 A) than that between graphene and Ni(111) or
Co(0001) (~2 A). The weak hybridization between
graphene and CFGG(001) sufficiently reduces the spin
polarization in graphene, which enables the magnetic
insulation of graphene from CFGG.

The extremely high carrier mobility and long spin
diffusion length in graphene mean that graphene and
ferromagnet heterostructures are receiving extensive
research interest in the contexts of spintronic device
applications and solid-state physics.

Spin-polarized carriers are induced into graphene in two
ways. One is to magnetize the graphene itself through the
magnetic proximity effect. Previous work has shown that
graphene on Co(0001) and Ni(111) can be magnetized
sufficiently because of the strong hybridization at the
interfaces. The other way is to inject excess spins from a
ferromagnet into graphene under an electric bias. In such a
vertical spin valve configuration, the graphene middle layer
should be magnetically insulated from the ferromagnet; that
is, the hybridization between the graphene and the
ferromagnet must be suppressed. As a candidate
ferromagnet, the half-metallic Heusler alloy CFGG has
been proposed recently. Confirming the magnetic insulation
of graphene from CFGG requires the surface spin
polarization of graphene-CFGG to be measured, which to
the best of our knowledge has not been done until now.

In this work, we used spin-polarized surface positronium
spectroscopy because it is guaranteed to detect the
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electron spin polarization of the first surface layer. The
results show that the surface spin polarization of graphene-
CFGG(001) is below the detection limit, and also that a
relatively large interlayer spacing forms at the interface.
First-principles calculations confirm that these results
originate from the weak hybridization between graphene
and the CFGG(001) surface.

Gadolinium-implanted GaN studied by spin-polarized
positron annihilation spectroscopy [2]

Gd ion implantation and annealing were performed at
900 °C for nominally undoped wurtzite GaN grown by
metal-organic chemical vapor deposition. Spin-polarized
positron annihilation measurements showed that vacancy
clusters including at least 12 vacancies per cluster were the
major positron-trapping centers and that the electrons in the
vacancy clusters were spin-polarized. These observations
could be explained by first-principles calculations. The
previous  speculation about the defect-assisted
ferromagnetism of Gd-implanted GaN may be supported if
vacancy clusters are considered.

The synthesis of dilute magnetic semiconductors is a
key technology toward semiconductor spintronics. A
successful dilute magnetic semiconductor is Mn-doped p-
type GaAs and InAs with a Curie temperature of 180 K. It
was predicted theoretically that doping Mn into GaN and
ZnO will result in a high Curie temperature due to a high
hole concentration of 102° cm™. However, Mn-doping into
GaN seems to be very problematic due to the formation of
secondary phases. Meanwhile, the room-temperature
ferromagnetism of Gd-doped GaN grown by molecular
beam epitaxy was demonstrated. Several groups also
reported colossal ferromagnetism in GaN:Gd. Here,
“colossal” ferromagnetism means that the magnetization
per an introduced Gd atom far exceeds 7us, which is the
intrinsic magnetization of a Gd atom.

However, the hard X-ray absorption spectroscopy
studies showed that Gd atoms are only paramagnetic and
the spin polarization of Ga atoms is almost null. Therefore,
some defect species and oxygen impurities are thought to
give rise to the magnetic order. Then, it has been proposed
that single Ga vacancies and Ga vacancy-oxygen
complexes are the source of ferromagnetism: an
electrically neutral Ga vacancy has a magnetic moment of
3us, and multiple moments can be coupled
ferromagnetically with those of Gd atoms. So far, this
hypothesis has not yet been confirmed.

In this study, we wused spin-polarized positron
annihilation spectroscopy to investigate Gd-implanted GaN.
We found that instead of single Ga vacancies, vacancy
clusters including at least 12 vacancies per cluster form
during post-implantation annealing, and the electrons
therein are spin-polarized.
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P1-4 Project “Semiconductor Radiation Effects”

Quantum technologies, such as quantum computation,
quantum cryptography information and quantum sensing,
are key technologies to change our life dramatically. Color
centers of which optical and spin properties can be
manipulated with high fidelity are expected to be applied to
quantum bits (qubits) and quantum sensors. We create
color centers in wide bandgap semiconductors such as
diamond and silicon carbide (SiC) using ion and electron
beams, and investigate their optical and spin properties. In
addition, we are studying radiation response of
semiconductor materials and devices since understanding
these effects is important to develop radiation resistant
technologies for space and nuclear applications. {1-20, 21,
22 in Part 11}

Creation of triple qubit consisting of Nitrogen-Vacancy
(NV) centers in diamond using molecular ions [1]

NV center in diamond is one of the most promising
candidates for qubit and quantum sensor since its optical
and spin properties can be manipulated at room
temperature [2]. To realize quantum computer based on NV
center, it is important to develop the creation methods of
multiple NVs in which each NV can interact to create the
entanglement state. However, for the current technologies,
it is quite difficult to fabricate such multiple NVs because
the distance between NVs for the entanglement should be
tens nano meter or less. Here, we created triple NVs, in
which each NV can entangle, using molecular ion beams.
In this study, CsN4Hn ions with an acceleration energy of 65
keV were implanted into a '2C-enriched (99.95%) high
purity diamond at room temperature. Thermal annealing at
1000 °C for 2 hours in forming gas (4% H: in Ar) was carried
out after implantation to create NVs and reduce radiation
damage. The creation of NVs was investigated using
confocal fluorescence microscopy (CFM) with an excitation
laser at a wavelength of 532 nm at room temperature.
Figure 1 shows a schematic drawing triple NVs created by
CsNsHn molecular ion implantation. As a result of double
electron-electron resonance (DEER) measurements, we
confirmed triple NVs with dipole-dipole interactions. This
result indicates that the triple NVs can act as a quantum
register. From the dipole coupling strength of each NV, the
distance between NVa - NVs, NVs - NV¢, and NVc - NVa is
estimated to be 19.9, 11.5 and 8.8 nm, respectively.

High radiation resistant SiC junction field effect
transistors (JFETSs) [3]

SiC is expected to be applied to semiconductor devices
with extremely high radiation resistance since its excellent
physical properties [4]. In this study, we investigated
gamma-ray radiation response of JFETs based on
hexagonal (4H) SiC. Depletion mode n-channel SiC JFETs
with a gate length of 18 or 36 ym were fabricated by
National Institute of Advanced Industrial Science and
Technology. The SiC JFETs were irradiated with gamma-
rays up to 9 MGy at room temperature. The current (/) -
voltage (V) characteristics of the JFETs were measured
before and after irradiation. The values of threshold voltage,
at which JFETs are turned on, were obtained from the / - V
characteristics. Figure 2 shows threshold voltage shift as a
function of gamma-ray dose. No significant change in the

Leader : Takeshi Ohshima

threshold voltage for the SiC JFETs is observed even after
irradiation at 9 MGy although SiC Metal-Oxide-
Semiconductor FETs show large threshold voltage shift
(about 5 V at 2.5 MGy [5]). This result indicates that SiC
JFETs are operated with high stability up to 9 MGy.
Therefore, we can conclude that SiC JFETs are suitable for
electronic device used in harsh radiation environments.
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P1-5 Project “Environmental Polymer”

Project “Environmental Polymer” has been developing
the functional polymer fabrics for metal adsorbents by
radiation induced graft polymerization technique using such
as electron beams and y-rays. The developed adsorbents
can be expected for applications in removing and
recovering trace metal ions from water. To development low
cost, environmental-friendly and high-performance
adsorbents, we started this research from both basic and
applied science.

Synthesis of functional polymer fabrics for thorium
removal in water [1,2]

A highly functional polymer fabrics for thorium (Th)
removal in water were synthesized by ion-imprinting
tecnologly and radiation grafting/crosslinking
polymerization. As shown in Fig. 1, the phosphoric
monomers composed of 2-hydroxyethyl methacrylic
phosphoric acid di-ester and mono-ester were ligand
exchanged with Th template before the radiaiton grafting.
After grafting and crosslinking, a crosslinked Th ion-
containing fabrics were obtained. The Th ions in the
obtained fabrics were removed by acid. Thus, a novel Th-
imprinted fabric adsorbent for Th removal was developed.
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Fig. 1. Schematic iilustration for the preparation of the ion-
imprinted adsorbets by the readiation grafting method.

len-imprinted adsorbents

The Th-imprinted adsorbents were tested using the
batch adsorption method. It was found that the new
adsorbents achieved a maximum distribution coefficient of
3.3 g/L and selectivity ratio (Th(IV)/U(VI)) of 9.5 after 90 min
of contact time under acidic conditions. Furthermore, the
adsorption kinetics of the adsorbents followed the pseudo-
second-order kinetic model for both Th(IV) adsorption and
U(VI) adsorption. Therefore, the synthesized fibrous
surface Th-imprinted adsorbents is a promising candidate
for the selective removal of Th ions from aqueous solution.

Table 1
Process factors for the Box-Behnken surface response modelling.
Factors Ievgls -
low medium high
Dosage(g) | 0.002 | 0.0035 | 0.005
Co (mg/L) 1.0 5.5 10
Time (h) 8.0 16 24

On the other hand, we also applied the Box-Begbken
response surface modelling to optimize the adsorption
conditions. For this purpose, a fibrous adsorbent was
synthesized by radiation-induced graft polymerisation with
2-(dimethylamino) ethyl methacrylate (DMAEMA). The
grafted substrate was used as an adsorbent to remove
Th(lV) ions from water. As shown in Table 1, three factors,
adsorbent dosage, initial concentration (Co) and adsorption
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time, were used for the surface response modelling. The
optimization of the adsorption parameters of Th on the
adsorbents were performed to ensure an efficient
adsorption capacity over the experimental ranges applied.
The conventional method of simultaneously investigating
multiple factors by vary one factor while keeping others
constant is time-consuming and prevents analysis of the
interactive effects between factors. In this study, a total of
17 batch adsorption experiments were performed and the
assumptions of the analysis of variance were applied to
establish a prediction model for each response. The results
indicated a good agreement between the model and
experimental data. For example, the quadratic model for
the prepared adsorbents showed an optimal adsorption
capacity of 25.1 mg/g operating at an initial concentration
of 5.5 ppm, reaction time of 24 h, and adsorbent dosage of
0.002 g (50 ml of solution) at a maximum desirability value
of 1. Under these adsorption conditions, the experimental
adsorption capacity of 24.9 mg/g was achieved, indicating
that a good agreement with the predicted value. The results
indicate that the response surface modelling is a good
method for finding the optimized adsorption conditions and
the prepared adsorbents are economically promising
materials for the separation of Th(IV) ions.

Crown ether functionalized adsorbents prepared by
combination of radiation grafting and the Kabachnik-
Fields reaction [3]

We prepared a crown ether-functionalized adsorbent by
radiation grafting and the subsequent Kabachnik-Fields
reaction (Fig. 2). Due to the facile tethering of crown ethers
on the surfaces, host—guest events occurred on the surface
of ETFE films. It is expected that the proposed crown ether
attachment protocol will result in the tethering of unique
host molecules onto materials’ surfaces, and can capture
not only ammonium guests, but also a wide range of metal
cations selectively.

1,4-dioxane
80°C.24h

Fig. 2. Schematic illustration for the introduction of crown ether
groups onto the vinylbenzaldehyde-grafted ETFE films by
Kabachnik—Fields reaction.
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P1-6 Project “Biocompatible Materials”
Leader :

Project “Biocompatible Materials Research” has been
developing the functional biocompatible materials based on
the radiation-induced crosslinking technique. The obtained
materials can be utilized for the bio-devices in diagnostic,
treatment and regenerative medicine {1-28 in Part II}.

A simple method for production of multi-layer 3D
integrated polydimethylsiloxane microfluidic chips [1]

Polydimethylsiloxane (PDMS) is most commonly used
as a base material in microfluidic chips, particularly for
proof-of-concept purposes in the academic community.
PDMS has properties analogous to glass, such as
biological inertness and optical transparency, while
additionally enabling the quick and easy fabrication of
devices at low cost. However, for mass production of the
devices and for practical applications, particularly in
diagnostics and drug development, it is necessary to
overcome PDMS’s two major drawbacks: its hydrophobicity

and the lack of a practical method for bonding PDMS layers.

Flat PDMS substrates were prepared by pouring a
mixture of the respective precursor and curing agent (10:1
by weight) in a Si mold and heating on a hot plate at 150 °C
in ambient air for 10 min. The cured substrates were then
peeled from the molds. PDMS samples were irradiated by
an electron beam (EB) or ®°Co y-rays supplied from
Irradiation Facilities of Takasaki Advanced Radiation
Research Institute, QST. We put the samples in
polyethylene terephthalate (PET)-based sterilization bags
(KAPOLA y, Meiwa Pax Co., Ltd.) or simply inserted PET
films between the samples to prevent the bonding between
the samples. The energy, beam current, and dose rate for
the EB were 1 MeV, 1 mA, and 1.16 J/(g s) (J/g = kGy),
respectively. The dose rate of y-rays was 2.5x 1073 J/(gs).
Both EB and y-ray irradiations were conducted in ambient
air at room temperature (~20 °C).

EB or y-ray irradiation alone was apparently sufficient
to cause the PDMS substrates to lose their original
deformability in accordance with the irradiation dose and
become rigid instead. The transmittance of PDMS
substrate was almost unaffected in the range of visible light
(wavelength: 400-900 nm) and remained above 90%,
which is suitable for microfluidic devices. In addition to the
hardening effect, hydrophilization of the PDMS was
produced by both EB and y-ray irradiation. The resultant
water contact angles (WCAs) of the PDMS substrates
decreased from the original values (>110°) in accordance
with the irradiation dose as shown in Fig. 1. Most
importantly, the WCAs of EB- and y-ray-irradiated PDMS
substrates were unchanged even after storage for more
than 80 days in ambient air at room temperature (~20 °C);
this contrasts with hydrophilization using plasma, which

suffers from the recovery of hydrophobicity in mere minutes.

This result supports our perspective that the thickness of
the hydrophilized layer is a key factor in prolonging
hydrophilicity because it can hinder the reorientation of
nonpolar groups from the bulk to the surface [2]. Both the
EB and the y-rays penetrate completely through the PDMS
substrates and change the bulk into hydrophilic materials;
thus, the hydrophobicity cannot be recovered.

Both EBs and v-rays irreversibly bonded PDMS

Mitsumasa Taguchi

substrates when they are stacked before irradiation in
addition to simultaneously inducing various modifications.
Using these salient effects, we produced 3D integrated
microfluidic chips (Fig. 2). For this, six PDMS layers (five
microfluidic devices and a flat cover) were stacked and then
irradiated by a 2 MeV EB. By the flow of blue and yellow
food dyes introduced through the inlets, it was clearly
shown that our method enabled leak-proof multi-layer
bonding between the six layers. The blue and yellow
solutions flowed individually from the first to the fourth layer
via the various microchannels and chambers and then
mixed in the fifth layer. The mixed solution (green) flowed
from the fifth layer to the outlet in the first layer as planned.
The multi-layer-bonded chip was functioned successfully
as a 3D integrated chip.
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Fig. 1. Water contact angles of PDMS after irradiation by 1 MeV
EB vs. those after storage for 81 days in ambient conditions.
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Fig. 2. 3D integrated microfluidic chip produced by 2 MeV EB
irradiation. (a) Six stacked layers (five PDMS microfluidic devices
and a cover) were (b) irreversibly bonded by EB irradiation, and
(c, d) blue and yellow dyes flowed through them three-
dimensionally as planned.
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P1-7 Project “Spintronics in Two-dimensional Materials”
Leader : Seiji Sakai

Our project aims at developing novel quantum
electronics and spintronics techniques for future
information technology by taking advantages of the low
dimensionality and quantum electronic properties of two-
dimensional materials and related heterostructures. The
advanced quantum beam techniques of QST and of our
research group allow us to investigate and design the local
atomic structures and spin-related electronic properties in
low-dimensional material systems above the technological
limits in nanomaterials science so far.

Novel heterostrucure of graphene and Heusler alloy for
the next generation spintronic memories [1]

Graphene-based vertical spin-valves composed of a
heterostructure of highly conductive graphene with a long
spin life time and ferromagnets with high spin-polarization
are expected to offer a large magnetoresistance effect
without impairing the electrical conductivity, which could
pave the way for next generation of memory technologies
with extremely high recording density and low power
consumption.

In this year, we demonstrated a key step in development
of graphene/ferromagnet heterostructures [1]. A novel
heterostructure consisting of graphene and a half-metallic
Heusler alloy CozFe(Geo.sGaos) (CFGG), ideally with 100%
spin polarization, was successfully fabricated, and its
promising properties for spintronic applications were
revealed through the depth-resolved x-ray magnetic
circular dichroism (XMCD) spectroscopy using synchrotron
radiation.

The heterostructure of single-layer graphene (SLG) and
half-metallic Co2Fe(GeosGaos) (CFGG) Heusler alloy
ferromagnet were synthesized by performing the CFGG
deposition by magnetron sputtering and the graphene
growth by chemical vapor deposition under in situ
conditions. Figure 1 shows the optical microscopy images
of graphene grown on the CFGG(001) thin film. High-
quality SLG with complete coverage on the CFGG surface
was obtained under the optimized growth condition.

20 um

Fig. 1. Optical microscope images of the SLG/CFGG samples of
(a) partial and (b) complete SLG coverage on the CFGG surface
obtained without and with optimizing the growth condition,
respectively. The areas of bright and dark contrast are the SLG
covered and bare CFGG region, respectively.

Figure 2a shows the XAS and XMCD spectra of the
SLG/CFGG(001) heterostructure at the Co L2 3-edges. The
spectra were obtained in the non-depth-resolved
measurement mode with a large mean probing depth (Ap)
of Ap=~50 A, which corresponds to the bulk region of the
CFGG thin film away from the SLG/CFGG interface, and in
the depth-resolved measurement mode at Ap=~4 A, which
corresponds to the region adjacent to the interface.
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The spectroscopic features in the non-depth-resolved
and depth-resolved XAS spectrum (Ap=~50 A and ~4 A,
respectively) are compatible with each other, and no signs
of degradation such as oxide and carbide formation are
observed in each spectrum. The probing depth-dependent
changes of the magnetic moments per Co atom; the total
magnetic moment (mwta) and their spin and orbital
components (mspin and morb, respectively), evaluated from
the depth-resolved XMCD spectra at different mean-
probing depths are summarized in Fig. 2b, which
demonstrates how the magnetic moments change with
depth in the region near the interface. The consistent
results were also obtained from the data at the Fe L2s3-
edges (not shown).

It was found that CFGG shows a small decrease in the
spin magnetic moment mspin by ~10% from that in the bulk
region as the probed region approaches to the interface
with decreasing Ap. A noticeable increase in the orbital
magnetic moments mow was also found at the smallest
depth (A\p=~4 A), corresponding to the interfacial region.
The preservation of the large magnetic moment over the
whole depth range is responsible for the fact that the high
chemical ordering (L21 ordering) in the CFGG lattice is kept
even in the vicinity of the interface due to the absence of
strong chemical interactions between graphene and CFGG
different from other SLG/ferromagnet (Fe, Ni)
heterostructures. The moro increase just below the interface
can be attributed to the orbital rearrangement in the atomic
layer terminating CFGG at the interface. Theoretical
calculations further demonstrated that the inherent two-
dimensional electronic system of graphene and the half-
metallic property of CFGG are well-preserved in the
SLG/CFGG heterostructure and at its interface.

These results suggest that the SLG/CFGG
heterostructure could show distinctive advantages over
other graphene/ferromagnet heterostructures for realizing
high-performance spintronic memory devices.
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Fig. 2. (a) Co L,3-edge XAS and XMCD spectra in the non-depth-
resolved mode (4,=~50 A) and depth-resolved mode (4,=~4 A).
(b) Plots of the total magnetic moment (M) of Co and its spin
and orbital components (mspin and Mo, respectively) vs. the mean
probing depth (&,). In (a), the XAS data p. and p. were obtained in
remanence after applying a magnetic field parallelly and
antiparallelly to the photon helicity vector, respectively. The
dashed lines in (b) represent the magnetic moments in the bulk
region obtained in the non-depth-resolved mode (1,=~50 A).

Reference
[1]1 S. Li et al., Adv. Mater. 32, 1905734 (2020).



P1-8 Project “EUV Ultra-fine Fabrication”

Project “EUV Ultra-fine Fabrication” has been
developing the functional polymer materials such as high
performance resist materials for extreme ultraviolet (EUV)
and next generation EUV lithography. We have synthesized
resist materials such as metal resist and block copolymer
with chemical synthesis or by using quantum beams such
as y-rays and electron beam (EB). We aim to develop resist
materials for EUV lithography and conduct fusion between
top-down and bottom-up nanofabrication for next
generation EUV lithography. We report herein two recent
study: study on chemical reactions induced by the short
pulse EUV in resist materials and study on fusion between
top-down and bottom-up nanofabrication.

Elucidation of physical events and chemical reactions
induced by the short-pulse EUV in resist materials [1]
Short-pulse EUV of a free-electron laser (FEL) is the
most potential candidate as a next-generation EUV
lithography light source. An X-ray laser (XRL) is suitable for
the evaluation of resist materials in next-generation EUV
lithography because of its short pulse width (7 ps) and high
intensity (approximately 200 nJ/pulse at a maximum).
However, reactions in the resist materials that are induced

by the short-pulse EUV of FEL have not yet been elucidated.

In order to elucidate reactions in resist materials, that are
induced by the short-pulse EUV of FEL, we investigated the
morphological and chemical changes in poly(methyl
methacrylate) (PMMA) induced by picosecond-pulsed EUV
using XRL. To avoid ablation in PMMA, the XRL pulse
energy should be attenuated less than 3—4 mJ cm? pulse.

Figure 1 represents residual film thickness as a function
of exposure dose of PMMA sample developed after
irradiation with XRL pulse. We clarified the sensitivity of
PMMA measured for XRL irradiation requires a much
smaller dose (2 mJ/cm?). The obtained sensitivity for
picosecond EUV irradiation was approximately 50 times
higher than that for typical EUV irradiation. X-ray
photoelectron spectroscopy (XPS) studies of PMMA
revealed the unique main-chain and side chain
decomposition after XRL irradiation. This decomposition-
dominant reaction and the resultant high sensitivity of
PMMA for XRL irradiation occur only for relatively high
doses deposited by a picosecond EUV pulse. These result
suggest the importance of a specific resist design policy for
next generation EUV lithography.

Fusion between top-down and bottom-up
nanofabrication for next generation lithography [2]

With further miniaturization of devices, sub-10 nm
feature sizes are anticipated, which will not easily be
obtained by EUV or EB lithography techniques in mass
production, due to patterning limitations, tool costs, or low
throughput and so on. Recently, directed self-assembly
(DSA) of block copolymers has attracted significant
attention as a promising nanolithography technique to
surmount the fundamental limitations of conventional
lithography. However, current methods for achieving DSA
are generally complex, involving a large number of steps
and a number of challenges remain with current
approaches.

In order to simplify a number of processes in current

Chief : Hiroki Yamamoto

DSA, we investigated lamellar orientation of polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA) block
copolymer by using a directly chemically patternable self-
assemble monolayer (SAM). Figure 2 shows SEM image of
PMMA etched lamellar PS-b-PMMA block copolymer on Au
coated silicon substrates pre-coated with SAM. We
demonstrated that lamellar orientation of PS-b-PMMA
block copolymer could be performed using the change in
the polarity of different regions of 6-(4-nitrophenoxy)
hexane-1-thiol SAM, which is the conversion of the NO2
group to an NH:z group induced by EB. Also, we found that
the vertical state persists only for appropriate irradiation
dose and annealing temperature by examining the lamellar
orientation of PS-b-PMMA. Our method has the potential to
greatly simplify block copolymer directed self-assembly
(DSA) processes as compared to the multi-step guiding
layer fabrication procedures currently used.

References
[1] Y. Hosaka et al., Appl. Phys. Lett. 115, 073109 (2019).
[2] H. Yamamoto et al., Quantum Beam Sci. 4, 19 (2020).
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Fig. 1. Residual thickness as a function of exposure dose of 62
nm thick PMMA sample developed after irradiation with XRL pulse
(pulse width: 7 ps, wavelength: 13.9 nm).
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Fig. 2. SEM images of PMMA etched lamellar PS-b-PMMA block
copolymer on Au deposited silicon substrates pre-coated with
SAM. The widths of alternating stripes of SAM were 300 nm.

QST Takasaki Annual Report 2019



P1-9 Project “Element Separation and Analysis”
Leader: Hironori Ohba

Quantum beams are versatile sources for materials
processing. Our project explores the basic process of the
laser-matter interaction to separate elements from
industrial waste liquid and performs synthesis of novel
nanomaterials by ion or electron irradiation {1-31 in Part II}.
Furthermore, we have been developed techniques for
analyzing elements using laser-induced plasma
spectroscopy under harsh environments {1-32 in Part Il}.
For the element separation research, we applied the
separation using a laser-induced particle formation
technique for the recovery of precious metals from a mixed
solution. The recent result of metal recovery is introduced
as follows.

Photoinduced gold
isopolymolybdate in
solutions [1]

The separation using laser-induced particle formation is
a novel technique to separate precious metals, PMs
(PM=Au, Pt, Pd, and so on), from industrial wastewater [2].
In this technique, the separation is performed by irradiation
of a pulsed ultraviolet (UV) laser to the wastewater, which
leads to photo-reduction of the PM" ions into PM? neutrals,
because the energy of the UV laser (> 3.5 eV) is well
beyond reduction potential of PMs (for example, the
standard electrode potential of the reduction Pd?*+2e —
Pd(s) is +0.987 V). The PMC neutrals spontaneously form
metal-particles, which is recovered by filtration. The energy
of the UV laser that needs to reduce the PM"* ions is
correlated with the reduction potential of the PMs. Thus, by
arranging the energy of the UV laser, we can select the PM
species that is recovered by the laser-induced particle
formation.

The laser-induced formation of gold nanoparticles
(AuNPs) was studied in hydrochloric acid solutions
containing isopolymolybdate. Aqueous solutions of HAuCl4
(0.5 mM) in HCI (0.1-1.0 M)/NaCl media containing ethanol
(0.5% v/v) were irradiated with 355 nm laser pulses (20
mJ/pulse energy, 10Hz repetition rate, 12 ns duration) in the
absence or presence of molybdate. The reaction progress
was probed by UV-vis spectroscopy.

Without molybdate, the formation of AuNPs is
significantly hindered because a large excess of Cl renders
the AuCls precursor resistant to direct photoreduction with
ethanol. When the aqueous ethanol (0.5% v/v) solution of
HAuCl4 (0.5 mM) that did not contain any additional acid or
salt was irradiated with the laser, the formation of AuNPs
was observed clearly by the emergence of an intense the
surface plasmon resonance (SPR) photoabsorption at 530
nm (broken blue line in Fig. 1(a)), resulting in a solution
color change from light yellow to dark red. In contrast, only
a faint SPR band appeared upon irradiation of the aqueous
ethanol (0.5% v/v) solution of HAuCls in HCI (0.1 M)/ NaCl
(0.9 M) (red line in Fig. 1(a)), which demonstrated the
severe retardation of AUNP formation in the strongly acidic
chloride medium.

The incorporation of molybdate into solution effectively
mediates the photoinduced formation of AuNPs in 0.1-0.5
M HCI. For this range of acidity, photoirradiation generates
the molybdenum blue (MB) species from the reaction of

recovery
strongly

mediated by
acidic HCI/NaCl

|

photoexcited Mo3sO112% (polyoxoanions) with ethanol,
followed by the reduction of AuCls with the MB species.
Figure 1(b) shows the time evolution of the absorption
spectra of the sample solution (0.1 M HCI) in which AuCls~
and Mo3zsO112%~ coexist. Upon photoirradiation, the MB
band first emerged at 780 nm; then, the SPR band
appeared at 540 nm. The growth of the SPR band is faster
in the presence of molybdate (Fig. 1(b)) than in the absence
(Fig. 1(a)), indicating that the addition of molybdate
facilitates the AuNP formation. At a higher acidity, the
formation of AuNPs is virtually undetectable because the
MB species are no longer generated due to the absence of
anionic molybdate precursors. Figure 2 shows the selected
TEM image of AuNPs prepared in this study. The average
diameters of the large NPs (>10 nm) were determined as
154+70 and 140161 nm for the solutions in 0.1 M HCI and
0.5 M HCI. The sizes of AuNPs were obtained with over 150
particles counted from the several TEM images.

References

[1]1 R. Nakanishi, et al., J. Photochem. Photobiol. A 383,
111994 (2019).

[2] M. Saeki et al., J. Photochem. Photobiol. A 299, 189
(2015)
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Fig. 1. Time evolutions of UV-vis spectra during
photoirradiation with a 355 nm laser. (a) HAuCl, (0.5 mM) and
(b) HAuUCI, (0.5 mM)/Mo(VI) (20 mM) in HCI (0.1 M) /NaCl (0.9
M)/ethanol (0.5% v/v). The irradiation time is given in each
panel. Black curves represent the spectra before irradiation.
The broken blue curve in panel(a) shows the spectrum obtained
after 20 min irradiation of HAuCl, in aqueous ethanol (0.5% v/v)
solution without any other acid or salt added.

200 nm

Fig. 2. TEM image of AuNPs formed by 5 min of photo
irradiation of HAuCI, (0.5 mM)/Mo(VI) (20 mM) in HCI (0.5
M)/NaCl (0.5 M)/ ethanol (0.5% v/v) solution.
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P1-10 Advanced Functional Polymer Materials AR
Research Group
Leader : Yasunari Maekawa

The research of “Advanced Functional Polymer
Materials Group” has been focused on efficient
development technique for advanced functional polymer
materials, which are widely used in advanced devices and
construction materials. The technique includes materials
informatics such as machine learning and neural network in
addition to the established radiation techniques regarding
to the radiation-induced graft polymerization and the X-
ray/neutron structural analysis. This group has been
conducting mainly the R&D for “Advanced functional
polymer materials alliance” under QST innovation hub
program in collaboration with participant companies [1].

Research results of “Advanced functional polymer
materials alliance”

On the alliance project of the 3rd year, main
achievements in four research subjects are as follows.
(1) Graft-polymerizability prediction: We are preparing
functional polymer materials by the radiation-induced graft
polymerization of 47 kinds of methacrylate monomers on
polyethylene nonwoven fabric, and trying to construct the
data-set composed of the various physical values with
respect to the chemical structure and electronic state of the
monomers as well as the obtained grafting degrees. As a
result of linear multiple regression analysis with the grafting
degree as the objective variable, it was found that the
introduction of the explanatory variable related to the
electronic state is an important factor in improving the
prediction accuracy.
(2) Structural data accumulation: We analyzed the
hierarchical structures of the proton- and anion-conducting
electrolyte membranes (PEM and AEM) using quantum

beam facilities such as small angle X-ray/neutron scattering.

PEMs based on poly(ethylene-co-tetrafluoroethylene)
(ETFE-PEM) were digitalized from the simulated structures
obtained by dynamics simulation to estimate the size of the
hydrophilic’lhydrophobic phase and ion-channel as an ion
transport region.

(3) Property prediction: We evaluated the properties of the
PEMSs, such as ion conductivity and water uptake, using
machine learning. 12 physical and chemical values of the
base polymers of PEMs were selected as an explanatory
variable. By using a random forest method [2], the ion
conductivity and water uptake of the PEMs could be
estimated with favorable accuracy. The importance of each
explanatory variable for the property prediction was clarified.
(4) Database preparation: To improve the database for
materials informatics of the grafted polymers, a collection
of the papers concerning the grafted polymers were
continuously performed. The data for the database were
efficiently extracted and collected using text mining tools as
well as a developed data extractor.

Development of a simplified radiation-induced graft
polymerization method [3]

We have reported the preparations of functional
nonwoven fabrics by the radiation-induced emulsion graft
polymerization and their properties. In general, the graft
polymerization to the irradiated nonwoven fabrics is carried
out under nitrogen atmosphere after nitrogen bubbling to
eliminate the dissolved oxygen. However, the nitrogen

bubbles that adhere to the surface of the nonwoven fabrics
inhibit uniform graft polymerization. Moreover, with lower
doses than 10 kGy, it the graft polymerization merely
proceeded because of an insufficient elimination of the
oxygen. The vacuum degassing to eliminate oxygen is a
disadvantage in the emulsion graft polymerization using a
surfactant because the monomer solutions foam and then
overflow from the reaction vessel occasionally. In this work,
we developed a simplified radiation-induced emulsion graft
polymerization (SREG) method that involves a convenient
and simple degassing process.

Scheme 1 shows a procedure of the SREG. The process
is as follows: (1) The pre-irradiated PE/PP fabric was set in
a glass jar and the monomer solution was poured. (2) A
weight was placed on top of the sealed glass jar after the
lid was closed and the jar was put in a vacuum desiccator
for degassing. Dissolved oxygen in the monomer solution
was eliminated through the small space between the lid and
the jar. (3) The desiccator’s vacuum was released, and then
the vacuum state was maintained automatically by the
pressure difference between the internal and external
pressure. (4) The sealed jar was held in a water bath at a
constant temperature to perform the graft polymerization.
400 g weight on the lid of the glass jar was chosen based
on the relationship between pressure in the vacuum
desiccator and the vacuum degassing time. A period of
vacuum degassing was enough for 15 min. As a result of
the graft polymerization of glycidyl methacrylate to PE/PP
fabrics irradiated with a dose range of 5-20 kGy, the grafting
degrees increased with the increase of the reaction time as
well as the dose. Even at the dose of 5 kGy, the grafting
degree had highly reproducibility.

In order to perform a machine learning with favorable
accuracy, the data-set composed of reliable experimental
data is required. The SREG method would be useful for the
efficient collection of the reliable data related to functional
graft polymer materials.

References

[1] https://lwww.qgst.go.jp/site/collaboration/1094.html.
[2] L. Breiman, Machine Learning 45, 5 (2001).

[3] M. Omichi et al., Polymers 11, 1373 (2019).
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Scheme 1. Schematic image of a simplified radiation-induced
emulsion graft polymerization.
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P1-11 Quantum Sensing and Information Materials

Quantum technologies such as quantum sensing,
quantum information and quantum computing are
indispensable technologies to realize “Society 5.0” and
R&D for quantum technologies are intensively carried out
all over the world now. We study quantum technologies
together with domestic and international Universities and
Research Institutes. Recent our research topics are spin
defects which act as single photon emitters in wide
bandgap semiconductors and a new technology combining
spintronics with photonics “Spin-photonics”. In the former
topic, we create negatively charged nitrogen-vacancy (NV)
centers in diamond and silicon vacancy (Vsi) in silicon
carbide (SiC) by energetic particle irradiation. We
investigate the optical and spin properties of NV center and
Vsi. We also fabricate electronic devices with such spin
defects/single photon emitters to realize quantum devices.
In addition, we explore new spin defects in wide bandgap
semiconductors. In the later topic, we are proposing new
devices in which the interaction between spins and photons
is applied to realize extremely low energy consumption
devices. The research results that link to this group are also
shown in the results obtained by the research projects
“semiconductor radiation effects” and “spintronics in 2D
materials”

Creation of Nitrogen-Vacancy (NV) centers in SiC using
irradiation [1]

Negatively charged nitrogen-vacancy (NcVsi) center in
SiC is known as a single photon emitter at room
temperature, and is expected to be applied to a spin qubit
and a quantum sensor [2] (Fig. 1). However, the creation
methods for NcVsi have not yet been developed. In this
study, we create NcVsi in N-doped and high purity semi-
insulating (HPSI) hexagonal (4H) SiC by ion irradiation and
subsequent annealing. Figure 2 shows photoluminescence
(PL) spectra obtained from HPSI 4H-SiC irradiated with N
ions at 2x10" /cm? and subsequently annealed at 1000 °C
for 30 min in Ar. PL measurements were caried out at 80 K.
For comparison, PL spectra obtained before irradiation (as-
received) and after N irradiation but before annealing are
also shown in the figure. Sharp PL peaks at wavelength
between 1150 and 1250 nm which correspond to PL peaks
for NcVsi (allows in the figure) are observed after annealing
although no PL peaks originating from NcVsi are observed
from as-received or irradiated samples, as shown in the
figure. The same PL peaks are obtained from N-doped 4H-
SiC after irradiation and subsequent annealing (not shown
here). Also, it is worth noting that PL originating from NcVs;
can be observed even at room temperature although a
broad peak due to phonon side band is obtained without
sharp peaks.

Figure 3 shows integrated PL intensity as a function of
annealing temperature for N-doped 4H-SiC irradiated with
N ions at 2x10™ /cm?. Each annealing was done for 30 min
in Ar. The PL measurements were carried out at 80 K, and
the wavelength between 1215 and 1235 nm were
integrated. The PL intensities are normalized by the value
obtained from sample annealed at 1000 °C. The PL
intensity increases with increasing annealing temperature
up to 1000 °C although it decreases with increasing

Research Group
Leader : Takeshi Ohshima

annealing temperature above 1000 °C. Thus, the highest
PL intensity is found at an annealing temperature of 1000
°C. This suggests that NcVsi can be effectively created in
SiC by annealing at 1000 °C.

References
[1]1S. -i. Sato et al., J. Appl. Phys. 126, 083105 (2019).
[2] H. J. Bardeleben, et al., Phys. Rev. B 92, 064104 (2015).
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Fig. 2. PL spectra for HPSI 4H-SiC before and after N irradiation
and after subsequent annealing. PL spectra was measured at 80
K. The wavelength of excited laser is 1064 nm.
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Fig. 3. PL spectra for HPSI 4H-SiC before and after N irradiation
and after subsequent annealing. PL spectra was measured at 80
K. The wavelength of excited laser is 1064 nm.
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P2-1

The Project "Microbeam Radiation Biology" has been
developing microbeam irradiation technologies for
exploring the radiation response mechanisms of living
organisms that has not been able to analyze by
conventional irradiation methods.

Elucidating the effects of heavy ion irradiation at the
molecular level is important for applying heavy ions to
medical, agricultural and radiation safety field. However,
heavy ions have a high LET, which results in
microdosimetric non-uniform energy deposition in low
fluence but biologically effective dose range. Organisms
respond differently to radiation depending on their dose and
deposited organs. The cellular response also varies with
the intracellular structure being irradiated. Therefore, in
order to elucidate the exact irradiation effect of heavy ions,
it is necessary to obtain information of not only the dose,
i.e., the number of irradiated ions, but also the exact
location of the ion hitting at microdosimetric level.

The microbeam irradiation that enables target irradiation
of a micron scale area of biological samples fulfills these
requirements, thus it is a very useful to analyze radiation
effects at the elemental dose level, where dose cannot be
treated as a continuous value. Two microbeam devices
were developed and has been improved at the TIARA
cyclotron beamline. One is a collimated microbeam device
and the other is a focused microbeam device (Fig. 1).

Updates of collimated microbeam device [1]

The collimated microbeam has been utilized for
biological irradiation since 1994. The device can deliver a
defined number of ions to the targeted region of biological
sample. Size of beam spot ranges from 5 to 250 ym in
diameter. Wide range of ion species from carbon to argon
with LET from 70 to 1260 keV/um can be provided for
irradiation experiment. We have used this device to perform
many irradiation experiments with wide range of biological
samples. The samples irradiated have ranged from

cultured cells to nematodes, medaka fish, and plant tissues.

In order to satisfy the demands of the various
experiments, the device has been continuously improved,
including improvements in the cell targeting and post-
irradiation observation systems, and the expansion of
available ion species. To improve targeting accuracy, a new
cell targeting system was developed, which consisted of
automatic stages with less than 0.1 pym positioning
accuracy, and fully motorized microscope that is able to
control all of its functions under PC control. In addition, an
off-line observation system that acquires cellular response
data by post-irradiation observation was updated with the
same high positioning accuracy. The system was equipped
with a high-sensitivity camera and dedicated software for
live imaging experiment. These improvements have
enabled us to efficiently perform experiments on the effects
of heavy ion irradiation on various organisms from cells to
individuals, and have greatly enriched the quantity and
quality of data acquired per experiment.

Establishment of a method for irradiating biological
target using focused microbeams [2]

The focused microbeam was developed to overcome
the principle limitations of the collimated device to achieve

Project “Microbeam Radiation Biology”

Leader : Tomoo Funayama

more precise targeting. This device can focus the heavy
ions with a diameter less than 1 pym in vacuum using a
micro object slit and quadruple quadrupole lenses.

In order to irradiate the precise microbeam to specific
intracellular organelle of cultured cells, a cell targeting
system consisting of an inverted microscope and a set of
high precision automatic stages was installed immediately
below the vacuum window of the end station of the device.
A CR-39 film was irradiated using the cell targeting system,
and the size of the beam spots extracted to the atmosphere
was measured. The measurement results confirmed that
beam spot of neon ions is enough to target an intracellular
region of cells, and a size of carbon-ion beam spot is
enough small to irradiate a specific cell of an individual of
small model animals such as nematode C. elegans.

Subsequently, we developed a sample preparation
method to irradiate cultured cells and C. elegans, and tried
to irradiate them by focused heavy-ion microbeams. The
irradiated beams hit the targeted area of the sample, and
the dose control was successfully carried out using an ion
detector placed directly below the prepared sample. From
these results, we concluded that we have established a
method for irradiating biological target using focused
beams to cells and small model organisms using this
focused microbeam device.

To elucidate the biological effects of elemental dose
level radiation where the dose cannot be treated as a
continuous value, we will continue to develop and improve
these microbeam devices.

Fig. 1. Overview of heavy-ion microbeam devices of QST-
Takasaki [modified figure from reference [1]

a) Collimated heavy-ion microbeam. It uses microaparture for
generating microbeam spot. A minimum beam size is ~5 ym, wide
range of ion spices (C~Ar), beam size(5~250um), and LET
(70~1260 keV/um) available for irradiation, and utilized for
biological experiment since 1994. b) Focused heavy-ion
microbeam. It uses magnetic lens for generating microbeam spot.
A minimum beam size is less than 1 ym in vacuum, and developed
for rapid and precious targeting of biological samples precisely.
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P2-2 Project "lon Beam Mutagenesis"

The ultimate goal of our project is to develop
applications of quantum beam-based technologies in
applied biological fields such as sustainable agriculture or
environmental conservation. lon beams are recognized as
useful mutagens for plant and microbe breeding because
they are thought to cause mutations via a mechanism
distinct from those of chemical mutagens or gamma rays.
We have investigated the detailed characteristics of the ion-
beam-induced mutations by using specific gene markers or
genome-wide sequencing {2-09, 11, and 13 in Part I}. In
addition, under collaborations with academic or industrial
research organizations, we are aiming to isolate valuable
mutants in various organisms such as parasitic plants,
plant growth-promoting rhizobacteria, oil-producing algae,
sake yeasts, and other bacteria by ion-beam irradiation {2-
10, 14, and 17~21}. Uncovering molecular basis of
radioresistant organisms is another major business in our
project {2-12, 15, and 16}.

Genome analysis of rice ion-beam mutants
successfully tracked down candidate genes
responsible for phenotypes of the mutants [1]

Rice is one of the most important crops for human
beings and one of the major target plants for ion-beam
mutagenesis. To understand the characteristics of the ion-
beam-induced mutations in rice at the genomic level, we
conducted whole-exome sequencing, which is a method
analyzing only gene coding region, and analyzed induced
mutations in selected rice mutants produced by carbon-ion
beam irradiation. DNA libraries were constructed from five
mutant rice lines (two dwarf and three early-heading-date
mutants) by capturing DNA fragments covering exon region
predicted in the genome. A total of 56 mutations were
detected in the five mutant rice lines. The average mutation
frequency in the M1 generation was calculated to be 2.7 x
1077 per base. The breakdown of the 56 mutations was 24
single-base substitutions (SBSs), 23 deletions (DELSs), five
insertions (INSs), one inversion (INV), and three
replacements. Six mutations were frame-shift or loss-of-
exon mutations that are supposed to have high impact on
gene function (Table 1). A gene functionally related to the
phenotype of the mutant was disrupted by the high-impact
mutation in four of the five lines examined, suggesting that
whole-exome sequencing of ion-beam-irradiated mutants
could facilitate the tracking down of candidate genes
responsible for phenotypes of the mutants.

Characterizing genetic effect of different types of
radiations, acute/chronic gamma-rays and carbon ions
in plants [2]

Recent availability of genome sequencing enables us to
compare the effect of different types of radiations directly at
the genomic level. We conducted whole-genome
sequencing, characterized the mutations induced by acute
and chronic gamma ray irradiation in Arabidopsis, and
compared with those previously obtained by carbon ion
beam irradiation. Dry seeds were used for irradiation by
acute gamma rays and carbon ions, while growing plants
of vegetative stage were used for chronic gamma ray-
irradiation, which is performed for five successive
generations. The result of dry seed irradiations showed that

H
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vr
acute gamma irradiation induced a greater number of total
mutation events (MEs) than carbon ion irradiation, while no
difference was detected between the treatments in the
number of MEs altering amino acid (AA) sequences.
However, the number of genes with altered AAs in the acute
gamma irradiation was smaller than that in the carbon ion
irradiation (Fig. 1). This could be due to that the gamma
rays predominantly induced SBSs, while carbon ion beam
frequently induced DELs (=2bp in size). Chronic gamma
irradiation (100—500 mGy/h) resulted in a higher number
of MEs per dose as well as a higher frequency of large
deletions than the acute gamma irradiation (Fig. 2). In the
very low dose rate of chronic gamma irradiation (~1 mGy/h),
the transition/transversion ratio decreased as the dose rate
increased, although overall mutation frequency was the
same as that in non-irradiated control, suggesting that
plants actively respond to the very low dose rates of
gamma rays and protect DNA by suppressing occurrence
of mutations.
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Table 1
Phenotype, number and type of high impact mutation, and
candidate gene of the five mutant rice lines.

No. of high | Type of high Candidate
Line Phenotype impact impact gene for the
mutation mutation phenotype
Dwarf
“ Small grains, 1 128-bp DEL GPA1
Early heading date
n Wide leaves 3 TORDELX2  prys
Broken flag leaf P
Dwarf
Culm bending 0
B Early heading date 1 336-kbDEL  HD16
= ey heading date 1 535-kb INV HD1
Type of MEs No. of genes
Total MEs mutations  altering AA w/altered AAs
Acute \
gamma ray 73.1 £ 4.2 4.1+ 0.5 4.1+ 0.5
(1000, 1500 Gy)
Chronic \
gamma ray 69.1 £ 2.8 4.7+ 0.4 4.7+ 0.4
(0.5 Gy, 183 Gy)
Garbon ion 355+25 O 3.0£07 10.8%59
(125, 175 Gy)
O DEL(1 b O INS(1b
SBS (1 bp) (1 bp) 0 Complex W Structural

O DEL(=2bp) W INS (22 bp) variations

Fig. 1. Comparison of the MEs. The values (mean *
number of events or genes per plants.

SD) are

Acute gamma ray O 1bp
/ /| maon
Chronic gamma ray a P
/ I \ [ 10-49bp
Carbon ion 0 =5s0bp

0% 50% 100%
Fig. 2. Comparison of the size of deletions.
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P2-3 Project “Medical Radioisotope Application”

The research objective of our project is to develop the
radiopharmaceuticals labeled with useful radioisotopes (RI)
for cancer theranostics. Our project focuses on the
research of the RI drug delivery system (RI-DDS) using
bioactive compounds such as antibodies and peptides in
order to make the most of the ability of RI. To achieve our
research objective, we also address effective Rl production,
the molecular mechanisms of radionuclide therapy, and
dosimetry. {2-22~24 in Part 11}

Novel '®F-labeled a-methyl-phenylalanine derivative
with  high tumor accumulation and ideal
pharmacokinetics for tumor-specific imaging [1]

Positron emission tomography (PET) with amino acid
analogs has great impacts on the treatment of cancer by
diagnosis, staging, and monitoring. Among them, 3-18F-
fluoro-a-methyl-L-tyrosine ('®F-FAMT) has been routinely
used for tumor diagnosis in Gunma University Hospital. The
specific accumulation of '8F-FAMT in malignant tumors is
exclusively promoted by L-type amino acid transporter 1
(LAT1), the expression of which is highly upregulated in
many types of cancers. However, a major drawback of '8F-
FAMT PET is the relatively high frequency of false-negative
results because of its low tumor accumulation level. These
clinical findings have prompted the further development of
8F-FAMT analogs with higher tumor accumulation and
improved pharmacokinetics.

We previously designed and evaluated LAT1-specific
"6Br-labeled amino acid derivatives: 2- or 4-75Br-a-methyl-
L-phenylalanine  (2-"°Br-BAMP  and  4-"°Br-BAMP,
respectively) [2]. In comparison with 8F-FAMT, 2-76Br-
BAMP showed comparable tumor accumulation and
markedly decreased renal accumulation. In contrast, 4-
76Br-BAMP showed higher tumor accumulation and
extended blood half-life compared with those of '8F-FAMT.
These results suggest the potential of '8F-labeled a-methyl-
phenylalanine ('®F-FAMP) as tumor-specific amino acid
tracers. In this study, we prepared '8F-FAMP regioisomers
(2-, 3-, or 4-'8F-FAMP) and stereoisomers (L- or D-form),
and we comprehensively evaluated their potential as
tumor-imaging agents (Fig. 1A).

The electrophilic radiofluorination reaction of L- or D-
form a-methyl phenylalanine preferentially produced ortho-
substituted '8F-FAMP (2-'8F-FAMP) in decay-corrected
radiochemical yield of 20-30%. The reversed-phase HPLC
purification yielded each '8F-FAMP with radiochemical
purity >95%. The specific activity of each '8F-FAMP was 2
—3 MBqg/umol. Among the six '8F-FAMP isomers, L-2-'3F-
FAMP and the three D-'8F-FAMPs showed faster blood
clearance and lower renal accumulation than L-3-'8F-
FAMP or L-4-'8F-FAMP in biodistribution studies on normal
mice (Fig. 1B). In LS180 human colorectal cancer cell line
xenograft mice, L-2-'8F-FAMP exhibited significantly higher
tumor accumulation than the D-'8F-FAMPs or '8F-FAMT
(Fig. 1C). The renal accumulation level of L-2-"8F-FAMP
was significantly lower than that of '8F-FAMT. Cellular
uptake of L-2-'8F-FAMP was significantly inhibited by LAT1
substrates and LAT1-specific inhibitor, thus, L-2-'8F-FAMP
would be taken up by tumor cells via LAT1. These results
suggest that L-2-'8F-FAMP showed the most suitable
pharmacokinetics and especially high tumor uptake via

Leader : Noriko S. Ishioka

LAT1. The PET imaging with L-2-'8F-FAMP

clearly visualized the tumor as early as 1 h after injection,
and the high tumor accumulation level was retained for 3 h
(Fig. 1D). These findings suggest the translational potential
of L-2-"8F-FAMP as a new amino acid tracer. This
promising PET tracer will eventually contribute to
improvement in diagnostic accuracy for tumor.
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Fig. 1. In vivo evaluation of "F-FAMPs as tumor-imaging
agents. (A) Chemical structure of '"F-FAMP. (B) Blood
clearance of 'F-FAMPs in normal mice (mean+SD, N=4-5).
(C) Biodistribution of "®F-FAMPs and '®F-FAMT in LS180-
bearing mice at 1 h after injection (mean+SD, N=4-5). A
statistically significant difference from '®F-FAMT is indicated
by # (p<0.05) and * (p<0.01). (D) PET images of LS180-
bearing mice after injection of L-2-'"®F-FAMP or "®F-FAMT.
PET imaging was carried out at indicated time points after
injection. The standardized uptake value (SUV) was
determined using an Inveon Research Workplace workstation
(Siemens). The orange circles show the tumors. B, bladder;
K, kidney; P, pancreas.
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P2-4 Project “Radiotracer Imaging”

The aim of Radiotracer Imaging Research Project is to
measure/visualize the radiation sources, and characterize
the biological processes of organs, using radioisotopes (RI)
and devices such as positron emitting tracer imaging
system (PETIS). We will establish the most advanced
techniques systematized for live-imaging using radiotracers
and these production methods, nuclear imaging apparatus,
and kinetic analytical methods for understanding the
transport function related to agriculture and medicine within
living systems. {2-25~30 in Part Il}.

Development of an imaging device for secondary
electron bremsstrahlung X-ray emitted during carbon-
ion irradiation [1]

Imaging method of the therapeutic carbon-ion beams
measuring secondary electron bremsstrahlung (SEB)
emitted during beam irradiation is a promising method for
range estimation. However, it is unclear whether the
method can be used with clinical dose levels and whether
the SEB X-rays from the deeper part of the body can be
detected. To clarify these issues, we developed a new high
resolution X-ray camera and perfomed an experiment of
imaging of the beam trajectories in a rectangular-shaped
water phantom measuring SEB X-rays during the
irradiation of carbon-ions among different injection energies
and intensities (Fig. 1(a)). In the experiment, we also tried
to acquire the SEB X-ray images with an X-ray camera
using a human-head-sized, 17 cm-diameter cylindrical
phantom. We used 20x20x0.5 mm-thick cerium-doped
yttrium aluminum perovskite, YA103 (YAP(Ce)) scintillator
plate, which was optically coupled to a 25 mm square high
quantum efficiency (HQE) type position sensitive
photomultiplier tube (PSPMT) in order to realize a high
resolution imaging detector for low-energy X-rays. The
imaging detector was encased in a 2cm thick tungsten
container having a pinhole collimator on the front face of
the camera. After measuring the performance of the
camera, SEB X-ray imaging was taken during irradiation of
the beams and compared the results with a Monte Carlo
simulation. We imaged the beam trajectories by the SEB X-
rays in real-time during the beam irradiation, and imaging
and range estimation were succesfully conducted with near
clinical dose level of 7.5x 108 carbon ions. Clear images of
SEB X-rays were obtained also for a 17 cm diameter
cylindrical phantom. The images were good agreement with
the Monte Carlo simulation using PHITS  (Fig. 1(b)). It was
confirmed that the developed YAP(Ce) camera is
promising for imaging of SEB X-rays during irradiation of
carbon-ions even with near clinical conditions.

Recent advances in radioisotope imaging technology
for plant science [2]

As the plant body absorbs and accumulates various
elements present in the soil and air, accurate monitoring of
element kinetics is essential to understand their physiology.
Accordingly, in the field of plant science, there is a
significant need to investigate the physiological functions
responsible for absorbing, transferring, and accumulating
the essential and harmful elements present in
environments of varying temperature, humidity, light
intensity, and atmospheric composition. Autoradiography
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methods, despite a major limitation in terms of terminating
the physiological activity of the test plant, have contributed
immensely to the field of plant science. In recent years,
various imaging technologies have been developed for
investigating living systems. A very popular technique is
radioisotope (RI) imaging, which utilizes images of the
absorption of the Rls of a target element from roots to
leaves to monitor the movements and distributions within
the plant body.

Most of Rl imaging systems employed in plant science
research are based on the improvement of existing medical
or preclinical Rl imaging systems. However, in contrast to
the medical field (which focuses on the distribution of drugs
and compounds in the body), the understanding of element
kinetics is the main concern in plant science research. In
vivo tracking of the movement of various elements is of
interest in plant sciences, and therefore, multiple images of
the corresponding radioisotopes need to be simultaneously
monitored. Furthermore, the radiation signals from Rls vary
between beta rays, X-rays, and gamma rays due to their
energy differences. Therefore, the investigations in plant
sciences require an imaging system capable of covering a
wide variety of elements. This is the central focus in the
development of plant Rl imaging technologies recently.
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Fig. 1. (a) A three-dimensional view of the experimental setup and
(b) SEB X-ray images simulated using PHITS.
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P2-5 Project “Generation of Radioisotopes with

In our project, we have developed the production of
medical radioisotopes (RI) for cancer diagnosis and
therapy such as %®Mo/*™Tc, %Y, 47Sc, 64Cu, and ’Cu using
fast neutrons from a cyclotron accelerator. The neutrons
were obtained by irradiating 40-50 MeV deuterons to
beryllium or carbon. A separation and purification method
of aimed radioisotope from the target materials and
radioactive impurities has also been developed. We also
investigate the production of medical RI such as ?"'At and
95, 96Tc by the tandem accelerator in Tokai (Japan Atomic
Energy Agency). Our final goal is to build a domestic
production system of medical radioisotopes using
accelerator driven neutrons.

Anomalous radioisotope production for 8ZnO using
polyethylene by accelerator neutrons [1]

In order to observe the production yields of Cu (T12=
61.9 h) which is known to have unique nuclear properties
and chemical behavior for use in radionuclide therapy, we
measured the yields of radionuclides after neutron
irradiation on an enriched %Zn0O sample covered with
polyethylene blocks. The neutrons were generated from
the °Be(d,n) reaction by 40 and 50 MeV deuterons. For 50
MeV deuterons we observed anomalously enhanced yields
of 7Ga, %Ga, %°mZn, and %Cu, more than 20-times larger
than the yields for a ®ZnO sample without the polyethylene
blocks. At the same time, the yields of the same
radioisotopes produced from an enriched metallic %8Zn
sample were almost insensitive to the presence of
polyethylene. On the other hand, for 40 MeV deuterons the
enhanced production was not observed.

Polyethylene blocks
(200100 50 mm)

Irradiation
chamber

Ber;illium talrget

Dﬂ_u‘ [
Deuteron beam |
—_—

l
IR At
Irradiation samples
7 mm® slit
——
100 mm

Fig. 1. Schematic view of the experimental setup at the
position of the samples in polyethylene blocks [1].

This finding should be important for the production of
radioisotopes in large quantity with accelerator neutrons.
Especially, we could produce simultaneously several radio-
isotopes which are normally generated by proton-induced

Accelerator Neutrons”
Leader : Kazuyuki Hashimoto

reaction from a single sample irradiated with the neutron
beams. We found that the oxygen in the %8ZnO sample
plays a key role in the large production of those
radioisotopes. To understand the large vyield of
radioisotopes, nuclear reactions occurring in the %zZn0O
sample should be more carefully studied, a subject of our
future work. The experimental data are compared with the
yields calculated by the simulation code Particle and Heavy
lon Transport code System (PHITS). Note that the
calculated yields of these radioisotopes produced from the
68ZnO sample covered with polyethylene blocks
considerably disagree with the measured ones, while for
the 58Zn0O sample without the polyethylene ones they are
consistent with each other within a factor of 3.

Speciation of astatine reacted with oxidizing and
reducing reagents by thin layer chromatography:
formation of volatile astatine [2]

Alpha-emitting radionuclide 2""At (T12=7.2 h) is one of
the prospective candidates for utilization in target alpha
therapy (TAT) of cancers. Astatine shows some different
chemical behaviors compared with its homologue iodine.
The understanding of basic chemical properties of astatine
has been required to develop TAT agents for cancers.

In the previous study, three dissolved astatine species,
astatide (At"), astatate (AtOs™), and perastatate (AtOa47),
were identified by thin layer chromatography (TLC) [3].
Further, the formation of volatile astatine was observed in
the TLC analysis for solutions containing reducing agents.

In this study, to elucidate the relation between the
production of the volatile astatine species and the redox
behavior among At (-1), AtOs7(V), and AtO4~(VII), relative
amounts of the dissolved and volatile astatine species were
studied with TLC by varying concentrations of an oxidation
agent of (KIO4) and reducing agents (Na2S0O3 and N2Ha).

The astatine radionuclides were produced through the
nuclear reaction of "Pb(Li,xn)"@*At using the Japan
Atomic Energy Agency (JAEA) tandem accelerator and
were purified by dry distillation [4]. No-carrier-added
astatine aqueous solution was used to prepare reaction
mixtures; 6x10° — 6x10° M KlO4, 1x10% — 1x10" M
Na2S03, and 9 — 29% N2Hs+'H20. The mixtures were
subjected to TLC on silica gel with an ethanol/water
solution. Distributions of astatine radioactivity on the silica
gel were measured with imaging plates. Chromatogram
successfully separated the dissolved astatine species and
provided their relative amounts as shown in Fig. 2.

The relative amounts of the dissolved astatine species
were reasonably oxidized or reduced with an increase in
concentration of KIO4 and Na2SOs, respectively, without a
remarkable loss of astatine activity. Whereas, in the case
of N2H4 as a strong reducing agent (Fig. 2), the reduction
of AtO4~(VII) enhanced the relative amounts of AtO3™(V)
and At (-1). This facilitated the formation of the volatile
species At(0) through the redox reaction between AtO3~(V)
and At™(-I) in dynamical equilibria due to both effects of the
oxidation on silica gels and the reduction with N2Ha, leading
to the volatilization of At(0) from TLC plates. The At(0)
volatilization subsequently leaded to a decrease in the
amounts of AtOs™(V) and At™(-I) on the TLC plates.
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Fig. 2. Typical TLC images and chromatograms for N2H4
aqueous solution of astatine.
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P3-1 Project “LCS Gamma-ray”

The research objective of LCS Gamma-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.

Compton scattering of y-ray vortex with Laguerre
Gaussian wave function [1]

Optical vortices with helical wave fronts carrying orbital
angular momentum are interesting both for the fundamental
research and for applications. For example, it is suggested
that optical vortices could be created around rotating black
holes. Furthermore, the concept of the vortex has been
extended to various beams such as electrons and neutrons.
In previous studies, X-ray vortex beams were generated by
high-order harmonic radiations from helical undulators with
high energy electrons, and the y-ray vortex generation was
suggested based on inverse Compton scattering with low
energy vortex photons on high energy electrons, or with a
highly intense circularly polarized laser for nonlinear
scattering. Thus, it is expected to generate y-ray vortices in
the MeV energy region in the near future. However, there is
a critical problem that optical devices such as holographic
phase plates to measure light vortices at visible
wavelengths cannot work in the MeV energy region.

In this research, we propose a method to identify photon
vortices in the MeV energy in quantum level, the coincident
measurement of the scattered photon and electron from
each Compton scattering. We calculate the differential
cross-section of Compton scattering of y-ray vortices with a
wave function of Laguerre Gaussian (LG) on an electron at
rest in the framework of the relativistic quantum mechanics.
Figure 1 shows the calculation results, the annulus
structures, which reflect the distribution in the amplitude of
the incident photon with the LG wave function. The

B

6,/x
— (—

0,/n

[

AE (keV) AE (keV)
Fig. 1. The contour plots of the differential cross-section of
Compton scattering integrated over the azimuthal angle ¢, at
cosB. =0.95 when L=1, p=0(a), L=2, p=0 (b), L=3, p=0(c), and
L=1,p=1(d).
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S
momentum of the LG photon distributes out of the
propagation axis to form the annulus. The size of the
annulus depends on L, the projection of the orbital angular
momentum for the photon propagation axis, and p is the
number of nodes in the transverse direction. These results
correspond to the shape of the photon wave function
represented by the Laguerre function. These results
indicate that when the energy of the scattered photon and
both the momenta of the scattered photon and electrons
are simultaneously measured, the amplitude distribution of
the incident LG wave photon can be obtained.

The present results indicate that, with the coincidence
measurement of the scattered photon and electron, one
can identify the angular momentum and the node number
of the LG wave function for the incident photon. Thus, the
present proposed method is useful for the study of the
nature of LG wave photons in addition to the verification of
its generation.

Spin and parity determination of the 3.004-MeV level in
2ZTAl: Its low-lying multiplet structure [2]

The spin assignment of the 3.004-MeV level in 2’Al has
an influence on the interpretation of the low-energy
structure of 27Al. Previous experiments have given spin J=
9/2 to this level from inelastic neutron and proton
scattering, and y-ray angular correlations using a 2Mg(p, v)
reaction. Despite the firm spin assignment of J=9/2, Angell
et al. recently claimed a spin assignment of J=7/2 by
measuring the integrated cross section of the 3.004-MeV
transition in nuclear resonance fluorescence (NRF)
experiments with a circularly polarized photon beam.

In the present work, NRF measurements using such a
photon beam were performed to investigate low-lying
states in 2’Al. The measured intensity asymmetry of the
scattered y rays with respect to the polarization of incident
photons as well as the angular distribution ratio was used
to determine spin and parity of levels in 2’Al in a model-
independent fashion, as the NRF occurs only via electro-
magnetic interactions. The transition strength was also
deduced from the measured scattering intensity. The
present results are compared with those obtained via shell
model calculations using the universal sd (USD) interaction.
The intrinsic shapes of the low-energy levels of 2’Al are also
investigated by using the “T-plot” of the Monte Carlo shell
model (MCSM).

The results for the 3.004-MeV transition are shown in Fig.
2. From comparison with the calculations, the Jr=5/2+ and
7/2+ assignments can be excluded at confidence levels of
87% (1.50) and 99.7% (3.00), respectively, but only the Jir
=9/2+ assignment is possible for the 3.004-MeV level. Here,
we assume a pure E2 transition, i.e., =0, for the 5/2+ —
9/2+ — 5/2+ spin sequence because a competing M3
transition is usually weak. The Jir=5/2+ assignment can be
further excluded by comparison of the measured and
expected integrated cross sections.

From the theoretical analysis of the overlap probabilities,
the 3.004-MeV level can be interpreted as the 9/2+ member
of the multiplet resulting from the coupling of a d5/2 proton
hole to the first exited 2+ level of 28Si core. The analysis of
the intrinsic shapes of the 2+ state in 28Si and the 9/2+
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state in 27Al by using the Monte Carlo shell model
calculations also supports this interpretation.
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Fig. 2. Measured azimuthal asymmetry A and angular distribution
ratio R for the 3.004-MeV transition. The values calculated for the
spin sequence 5/2+ — 5/2+ — 5/2+ and 5/2+ — 7/2+ — 5/2+ with
mixing ratios & from —1 to +1 are plotted with solid and dotted lines,
respectively. The value calculated for the spin sequence 5/2+ —
9/2+ — 5/2+ with §=0 is also plotted with filled triangle.

Validating polarization effects in y-rays elastic
scattering by Monte Carlo simulation [3]

Elastic scattering of y-rays by atoms comprises four sub-
processes, namely, Rayleigh scattering, nuclear Thomson
scattering, Delbriick scattering, and nuclear resonance
scattering. Of these, Rayleigh scattering and nuclear
Thomson scattering are associated with the scattering of a
photon by electronic and nuclear charges of an atom,
respectively. On the other hand, Delbriick scattering is an
interaction between a photon and the strong Coulomb field
in the proximity of a nucleus. Nuclear resonance scattering
is associated with giant dipole resonance, and its
contribution becomes appreciable when the energy of the
incident photons exceeds approximately 5 MeV. All sub-
processes contribute coherently to the scattering cross
section via individual scattering amplitudes. The cross
section of elastic scattering is proportional to the square of
the resultant scattering amplitudes. Many experimental
findings pertaining to the differential cross section have
been accounted for based on superposition of the four sub-
processes. However, validation of the theoretical
calculations against experimental observations has
focused on the scattering of unpolarized photons.

In the present study, we analyse the elastic scattering
phenomenon by using a matrix representation of
polarization based on Stokes parameters formalism. This
analysis results in a set of direct expressions that highlight
the general features of polarization effects in y-ray elastic
scattering. Then, we develop a Monte Carlo simulation
based on our analysis by which arbitrary states of
polarization of incoming or outgoing photons can be
investigated.

We validated the proposed method by using available
experimental data. One of the validations is the linear
polarization resulting from the elastic scattering of initially
unpolarized photons. The degree of linear polarization of
the scattered photons is a function of the scattering angle.

Usually, polarization of the scattered photons is determined
experimentally by using a Compton polarimeter. As shown
in Fig. 3(a), the results of a simulation of the elastic
scattering of 1.33 MeV unpolarized photons by lead agree
well with the experimental data. Similarly, the results of the
simulation of 0.662 MeV photons agree well with the data
as shown in Fig 3(b). Notably, an interference pattern is
observed in the simulation at higher energies. This pattern
originates from the interference of multipole amplitudes,
which are summed with factors of varying sings at large
angles when summed up to compose the total-atom
Rayleigh scattering amplitudes. Also, the magnitudes of the
amplitudes are very small compared to the small angle
amplitudes. This gives rise to an increase in the error of the
calculations.

The implemented simulation can be used to study
interesting polarization effects of elastic scattering
interaction, especially the circular dichroism associated
with linear and circular polarization scenarios, as well as
the potential use of elastic scattering as a polarization-
diagnostic tool.

The developed code has been taken as a part of the
official release of Geant4 (10.7 beta).
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Fig. 3. Polarization of scattered photons simulated as a function
of scattering angle. The triangles denote experimental
measurements taken from the literature for (a) Pb at 1.33 MeV and
(b) Pb at 0.662 MeV.
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P3-2 Beam Engineering Section

The research objectives in our section are development
of various accelerator-related-techniques including ion-
beam-irradiation-techniques and ion-beam-analyses. Each
member has been engaged in individual researches more
than one. Recent remarkable studies are shown as follows;
the first article is lithium ion mapping in all-solid-state
lithium batteries using Particle Induced X/y-ray Emission
(PIXE/PIGE) analyses, and the second one is High
frequency plasma-pulse generation using a laser ion
source. {2-31~33 and 3-01~08 in Part II}

Lithium ion mapping in all-solid-state lithium batteries
using PIXE and PIGE analyses [1]

All-solid-state lithium batteries have vast potential as
energy storage candidates beyond the conventional lithium
battery. In recent years, sulfide-based solid lithium-ion
conductors have attracted attention as solid electrolyte
candidates for high-performance all-solid-state batteries.
Particularly, Li10GeP2S12-type materials Li2S-P2S5 glass
ceramic and argyrodite-type materials, which comprise a
composite electrode of the battery, are highly preferred
solid electrolytes because of their high ionic conductivities.
Gaining insight into the reaction distribution in the
composite electrode is key to understanding its structure
and electrochemical properties. To analyze the lithium
distribution in micrometer- or larger-scale areas that are
typical of practical batteries, PIXE and PIGE techniques
allow high-resolution quantitative determination of the
concentration distribution of lithium and other elements in a
sample by scanning with an ion beam.

Two types of circular pellet cells comprised the
composite electrode were prepared as a sample in this
study: an as-prepared cell (state of charge 0%, designated
SOC-0) and a charged cell (state of charge 100%,
designated SOC-100). The elemental distribution
mappings at the cathode composite/separator interface of
SOC-0 and SOC-100 with color tried to be visualized using
PIGE. The experimental results are shown in Fig. 1. Left
panels and right panels indicate SOC-0 and SOC-100,
respectively. The elemental mapping area equals 100 x 100
umZ. Since a comparison of the absolute value of gamma-
ray intensity from lithium is difficult due to the use

; w100

3 B

T 60

£ ! 40
- 2

i -

20 i t -0

i ‘ — Li/Co

0 20 40 60 80 100 120 0 20 40 60 g0 100 120
Pivel Pival

Fig. 1. Li ion distribution map of the ratio of Li/Co using PIGE and
PIXE analysis.

of different samples for the observation, the gamma-ray
intensity of the lithium was normalized by the X-ray
emission intensity of cobalt, because the amount of cobalt
in the cathode composite is constant during the charging

Section Manager : Yasuyuki Ishii

process. Therefore, the Fig. 1 shows the normalized lithium
distribution mappings. The normalization processing
reduced the lithium/cobalt intensity at the region where
cobalt exists. As a result, the lithium distribution and its
variation in the sulfide-based all-solid-state battery with the
composite electrode were first observed using the PIXE
and PIGE techniques.

High frequency plasma-pulse generation using a laser
ion source [2]

Alaser ion source (LIS) has been developed in exchange
of the Freeman ion source equipped in the ion implanter at
TIARA. Our objective of the development is to produce high
intensity beams of any solid material ions, and to provide
the beams switched in a short time. However, LISs
generally produce pulsed ion beams. When a LIS is applied
to the implanter, high repetition rate of the generation of
plasma pulses is required to irradiate a sufficient number of
ions on a target for experiments. In the experiments, two
laser beams with the same energies and the same pulse-
widths but different time intervals were irradiated on a
graphite target at different time intervals. This experiments
ended up determining the time interval of plasma pulses
generated without the interaction.

The experimental results (Fig. 2) show that the total
charge amount of two pulses are almost constant at the
pulse interval down to 100 ys, but decreased rapidly below
100 ps. This indicates that the interaction between two
pulses occurs below approximately 100 us for the
experimental condition. Therefore, the plasma pulses can
be generated at a maximum of 10 kHz. In addition, it was
estimated that an average current of 10 yA or more could
be obtained by generating monovalent carbon ions at 100
ys intervals (10 kHz). It was found the LIS is a promising
ion source for the TIARA ion implanter.
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Fig. 2. Relationship between plasma pulse interval and generated
charge.
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A Long Side Chain Imidazolium-based Graft-type Anion-

exchange Membrane: Novel Electrolyte and Alkaline-
durable Properties and Structural Elucidation Using
Small-angle Neutron Scattering Method

Y. Zhao?, K. Yoshimura®, A. Hiroki?, H. Shishitani®, Y. Maekawa?

3)Department of Advanced Functional Materials Research, TARRI, QST,
b)Daihatsu Motor Co., Ltd.

Anion-exchange membrane (AEM) fuel cells represent a
new generation of potentially disruptive, low-temperature
fuel cell technology with the potential to eliminate the high-
cost barriers of mainstream proton exchange membrane
(PEM) fuel cells. However, the performance of AEM fuel
cells is not as good as that of PEM fuel cells, especially the
membrane conductivity and long-term durability. The
knowledge of AEM materials is still limited, including
molecular design, hierarchical structures in the membrane,
and structure/property relationships. Recently, we designed
styrylimidazolium-based grafted AEMs (Stim-AEMs), in
which imidazolium ionic groups are attached to styrene at
the far side from the graft chains, prepared by radiation
(60Co y-ray source, Takasaki, QST) induced graft
polymerization of p-(2-imidazoliumyl) styrene onto
poly(ethylene-co-tetrafluoroethylene) (ETFE) films,
followed by N-alkylation and ion-exchange reactions [1].
Stim-AEM with a grafting degree (GD) of 18% possesses a
practical conductivity (>50 mS/cm) with a very low water
uptake (WU) about 10% and high stability over 600 h in a
1M KOH solution at 80 °C. There exists a critical GD (GDc)
of 20-25%, over which AEMs showed high WU and low
alkaline durability. In this work, we correlate the conducting
and durability properties of the membranes with the
structures using small-angle neutron scattering (SANS)
method to interpret their relationships [1].

Since the abovementioned unusual GD dependence of
membrane properties cannot be explained by only
chemical structures and their primary properties, the effect
of higher-order structural transition may be profound in the
membrane. To clarify the detailed AEM structures, three
AEMs with GDs of 8, 11, and 14% and four AEMs with GDs
of 30, 42, 56, and 86%, which are lower and higher GDs
than GDc, were selected to perform SANS measurements.
SANS profiles of these AEMs equilibrated in D20 were
plotted in Fig. 1. According to the scattering features, we
expediently separate these SANS profiles into two g-
regions, where q is the scattering vector. Region | at q <1.3
nm~" is related to the microphase separation between
conducting and non-conducting phases, which has been
characterized before [2]. Region Il at g > 1.3 nm™ is related
to the local structures in the conducting phase. All AEMs
showed a clear ionomer peak in Region I, indicating the
formation of ionic clusters in the conducting phase. The
further analysis of this ionomer peak using the hard sphere
liquid model and Porod limit analysis reveals the detailed
structures in the conducting phase. Stim-AEMs with GDs

lower and higher than GDc show “reverse-micelle”
structure with water domains dispersed in the polymer
matrix and “micelle” structure with graft polymer aggregates
dispersed in the water matrix, respectively, as illustrated in
Fig. 2. AEMs with the “reverse-micelle” structure were more
alkaline-durable owing to the lower number of water
molecules around one ionic group, resulting in a slower
hydrolysis degradation.

The results in this study indicated that the molecular
design in this type of AEMs to prevent ionic structure
inversion from “reverse-micelle” to “micelle” is crucial to
suppress WU and maintain alkaline durability.

—— AEMs in D,0—
AEMOS |
AEMI1
AEMI4 3
AEM30 ]
AEM42
AEMS56 3
AEMS6

i3 T T T T
E .

1000 0

100

rmel PO

10 E : £
£ Regionl Region 113

I(g) (em™)

0.1k

T

0.01 =t
2 46
0.01 0.1 1
-1
g (nm )
Fig. 1. SANS profiles measured for AEMs with different GDs
equilibrated in D20 at room temperature.
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Fig. 2. Schematic illustration of the structures in AEMs.
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Structural Analysis of Proton Exchange Membrane

by Coarse-grained Molecular Dynamics Method

S. Okushima?), S. Hasegawa?, T. Kawakatsu® and Y. Maekawa?

a)Department of Advanced Functional Materials Research, TARRI, QST,
b)Department of Physics, Graduate School of Science, University of Tohoku

Materials informatics (MI) is a concept for the prediction
of properties and efficient developments of many types of
functional materials [1]. While MI applied to inorganic
materials has already succeeded, it is challenging to apply
Ml to polymer materials because of the lack of the analytical
data of the structures, which are strongly related to the
properties. To solve this problem, we proposed the
structural simulation method using coarse-grained
molecular dynamics (CGMD) to expand the structural
analysis and to digitalize the simulated structures for MI.
We focused on a polyelectrolyte membrane (PEM) system
which was composed of poly(ethylene-co-
tetrafluoroethylene) (ETFE, a base polymer) grafted by
poly(styrene sulfonic acid) (PSSA, a functional polymer)
with a grafting degree (GD) of 35% and a water uptake
(WU) of 41% (ETFE-PEM) [2].

Our proposed method is as follows: (1) The
determination of the interface dots between the
hydrophilic/hydrophobic region in the ETFE-PEM. (2) To fill
out the hydrophilic region with the assembly of the spheres,
which can be overlapped with each other. (3) A Markov
clustering algorithm (MCL) method is applied for grouping
the packed spheres by separating at the positions where
the connection numbers to the neighboring spheres are
small. Each group of separated spheres is determined as a
cluster. The connection points should be the channel or
branching points.

The result of the CGMD simulation is shown in Fig. 1(a).
There is a phase-separated structure between the
hydrophobic (ETFE) and the hydrophilic (PSSA/water)
components. Such a structure is important for the ion
transporting property of the ETFE-PEM. We applied our
proposed structure analysis method to above calculated
structure. In Fig. 1(b), the interface between the
hydrophobic and hydrophilic regions can be visualized by a
curvilinear surface composed of the calculated dots, in
which the inner region of the interface corresponds to the
hydrophobic  components. Thus, the hydrophilic
components seem to construct a wide and complicated ion
channels in the ETFE-PEM, which possesses large
amounts of graft-polymers and water molecules.

Figure 2(a) shows a cross section of the amorphous
region, where the hydrophilic region is white, the
hydrophobic region is gray and cross section of spheres is
orange. Both narrow and wide paths of the hydrophilic
regions can be filled out by spheres.

To extract the characteristic structure in the hydrophilic
region with respect to the ion transport, the spheres
consisting of different clusters, determined by an MCL

method, are classified with different colors, as shown in Fig.
2(b). Each cluster is separated from other surrounding
clusters at narrow points. We can digitize the important
structure in the ion transport region by using the size of the
clusters, i.e., the gyration radius, which can be estimated
as the sum of distances between each center position of
the spheres and the center of mass of the cluster..

(b)

o
1

Fig. 1. (a) The structure from the CGMD simulation of ETFE-
PEM. ETFE is gray, PSSA is purple, and water is blue. (b) The
interface between the hydrophobic and hydrophilic regions in
ETFE-PEM of Fig. 1(a).

(a)

Fig. 2. (a) The result of sphere filling in the hydrophilic region
in Fig. 1(a). The sphere is orange, the hydrophobic region is
gray, and the interface is purple. (b) The result of applying a
Markov clustering algorithm to the result in Fig. 2(a). The color
is different by clusters.
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Separation and purification of gas molecules with similar
physical and chemical properties are an important matter in
industry. In the present system for the gas separation and
purification, however, it is accompanied by a large energy
loss [1]. The permselective membranes are required to
reduce the energy loss.

Radiation-induced graft polymerization is a useful
technique for introducing new functions into polymer
substrates. We previously reported that the hydrogen
permselective membranes were prepared by the graft
polymerization with y-rays irradiated polyvinylidene fluoride
films [2]. On the other hand, when polymer films are
irradiated with heavy ion beam instead of y-rays, radicals
are produced in the latent track, which possess
perpendicular cylindrical shape to the film surfaces within
several hundred nm in diameter. The graft polymerization
of vinyl monomers proceeds from the radicals, generated
in the latent track to produce perpendicularly aligned
cylindrical graft-polymer region with several hundred nm
diameter. In this work, we propose a development of gas
permselective membranes by the combination of the ion-
beam irradiation and the graft polymerization (Fig. 1(a)).

Ethylene tetrafluoroethylene copolymer (ETFE) films
(AGC Inc. 25 pym thickness) were irradiated with 560 MeV
Xe ions ('2°Xe?*) at a fluence of 1x 108 ions/cm? at TIARA.
The irradiated ETFE films were immersed into p-
trimethoxysilyl styrene (TMSS) solution (TMSS/toluene =
50:50 vol%) at 60 °C to obtain TMSS-grafted ETFE (Fig. 1
(b)). The obtained TMSS-grafted ETFE showed grafting
degrees (GDs) of 0.4 — 1.9%. The hydrogen (H2) and
methane gas (CH4) permeabilities through the grafted

(a)

Polymer Film Monomer
- —— O
ﬂ
lon Beam Latent Grafted
Irradiation Track Region
(b)
OCHj
\L©_éi_ocr|3
OcH,
ETFE
+CH2'CH2)W€CF2'CF2>H p-trimethoxysilyl styrene

(TMSS)

B

Poly (ethylene)-co-
poly(tetrafluoroethylene) H3CO-Si-OCH,
(ETFE) OcH,
Fig. 1. Synthetic illustration (a) and chemical scheme (b) of gas
permselective films prepared by the combination of ion beam
irradiation and graft polymerization.

membranes were conducted under several differential
pressures.

The ion-beam irradiated (non-grafted) ETFE showed 1.0
x10" and 0.1 x 10" mol/sec:m?-Pa, which are comparable
to those of original ETFE substrates 0.8 x 10" and 0.1x 10"
" mol/sec-m?:Pa), respectively. On the other hand, the H2
and CHa4 gas permeabilities of the TMSS-grafted ETFE film
with the GD of 1.9% showed 4.6 x 10-"" and 16 x 10"
mol/sec-m?-Pa, which were 5.8 and 160 time higher than
that of ETFE substrate, respectively, resulting in the
increase of CH4/H2 permeability ratio (3.5 times). Noted that
the acceleration of gas permeability as well as gas
permselectivity emerged by the TMSS-grafting on the
ETFE films irradiated with Xe ions. Since the diameters of
hydrogen and methane are 0.28 nm and 0.37 nm,
respectively [3], it was suggested that the CH4 gas
permselectivity of TMSS-grafted ETFE films is induced by
the interaction between the graft chains and the gas
molecule but not by a molecular sieve effect.

Acknowledgments

This work was supported by the Japan Society for the
Promotion of Science (JSPS) KAKENHI Grant Number
JP16K06785.

References

[11 R.W. Baker et al., Ind. Eng. Chem. Res. 41, 1393 (2002).
[2] S. Hasegawa et al., QuBS 4, 23 (2020).

[3] H. Kuno et al., The Piping Engineering 54, 28 (2012).

Table 1
Gas permeability and CHJi/H. permselectivity with TMSS-
grafted ETFE films.

Gas permeability

Ion Beam (x10™** mol/sec:m?-Pa)

Sample

No. Irradiation GD(%) CHa/H;
H, CH,
1 - - 0.8 0.1 0.1
2 o - 1 0.09 0.1
3 ) 1.9 4.6 16 3.5
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Platinum (Pt) nanoparticles with high oxygen reduction
reaction (ORR) activity are required as cathode catalysts in
proton exchange membrane fuel cells. Recently, Pt
nanoparticles on the carbon substrate irradiated with argon
ions (Ar*) were found to show a higher ORR activity than
those on the non-irradiated one. This result suggests that
Pt nanoparticles would be influenced by ion-beam-induced
lattice defects in the carbon substrate. In order to explore
the origin of the activity enhancement, we investigated the
interface structure between Pt nanoparticles and ion-beam
irradiated highly oriented pyrolytic graphite (HOPG)
surface by Raman spectroscopy.

The HOPG was irradiated with 380 keV Ar* at a fluence
between 1.0 x 10" and 1.0 x 10" ions/cm? by the ion
implanter at the Takasaki lon Accelerators for Advances
Radiation Application (TIARA) factory, TARRI, QST, Japan,
and then deposited Pt nanoparticles using radio frequency
(rf) magnetron sputtering. The mean particle size of the Pt
nanoparticles on the non-irradiated HOPG and the HOPG
irradiated at the fluences of 1.0 x 102 and 5.0 x 10"3
ions/cm? was observed using transmission electron
microscope and obtained to be 2.85, 3.11, 6.02 nm,
respectively [1]. Raman spectroscopic analysis of the
pristine and pre-irradiated HOPG surfaces before and after
the Pt deposition was performed. The Raman spectrum of
HOPG has three peaks (D, G and D’) between 500 and
2000 cm'. By using the D/D’ and D/G intensity ratios and
G-peak shift, we investigated the surface structure of
irradiated HOPG, and discussed the structure of Pt-carbon
support interface.

We investigated the surface structure of irradiated
HOPG by the D/D’ intensity ratio, and found that
vacancy-like defects were formed on the HOPG surface by
Ar*-irradiation at the fluences between 1.0x10'2 and 1.0
103 ions/cm?, and sp® defects were induced by irradiation
more than 5.0x10"3 ions/cm?.

The Pt nanoparticles were deposited on these HOPG
surface, then the G-peak position before and after Pt
deposition was examined [2]. On the fluence of over 5.0 x
103 ions/cm?, the red Raman shifts were more obvious
after the Pt deposition, as shown in Fig. 1 (a). This result
indicated that the Pt deposition caused tensile stress to
graphitic structure of the HOPG irradiated at higher
fluences.

The phonon correlation length La was also investigated
from the peak intensity ratio (R=D/G), such that La=4.4/R
(nm). Pt deposition had lower effect on La with increasing

Ar*-irradiation on the substrate prior deposition of Pt, as
shown in Fig. 1 (b). We also estimated by the L. obtained
from Raman spectrum that approximately 3 point defects
were present at the interface structure between each 5 nm
Pt nanoparticle and the HOPG irradiated with Ar* at the
fluence of 1.0x 103 ions/cm?.

In order to clarify the interface structure between Pt
nanoparticles and ion-beam irradiated carbon support, we
obtained the Raman spectra of irradiated HOPG with Pt
nanoparticles, and then evaluated the number of defects at
the Pt-carbon support interface.
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Fig. 1. (a) G-peak position and (b) L, against the Ar* fluence.
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Nitrogen (N)-doped carbon materials, which exhibit a
catalytic activity for an oxygen reduction reaction (ORR; O2
+ 4H* +4e- — 2H20), recently have been extensively
studied as platinum-alternative catalysts. The
requirements of the catalytic activity for the ORR are as
following: (1) the formation of turbostratic graphite
nanostructure consisted of the hexagonal carbon layers
piled up randomly or uniformly in a part, and (2)
incorporation of nitrogen atoms into the graphitic structure
as pyridinic nitrogen and/or quaternary nitrogen. The
N-doped carbon catalysts are often synthesized from
blends of various carbon precursor polymers and transition
metal compounds of Fe, Co, and Ni. The added metal
compounds produce metal nanoparticles (NPs) during the
heat treatment, and the NPs play a role of a catalyst for the
formation of the graphitic nanostructure. The texture of
obtained graphitic nanostructure depends on the size of
metal NPs: the turbostratic graphite structure is obtained in
the case of the particle size of around 20 nm, and graphite
structure, above several tens nm [1]. In most cases of
previous studies, the particle size distribution after the
carbonization is ranging from 20 to several tens nm. This
suggests that the ORR-inactive graphite structure is
preferred to form than the ORR-active turbostratic graphite
structure. Thus, we propose metal ion implantation into a
carbon precursor polymer as a method to introduce metal
NPs with controlled the particle size below 20 nm in order
to synthesize the turbostratic graphite structure. In this
work, a phenolic resin (PhR) was implanted by 100 keV
Fe* ions and heat-treated at 800°C in N2 atmosphere.

The relationship between the ion fluence and mean
particle size of formed Fe NPs is shown in Fig. 1. The
mean particle size of Fe NPs increased almost linearly with
the increasing ion fluence. This result suggests that the
particle size is controllable in the range of 5-30 nm by the
ion implantation technique. On the other hand, the mean
particle size of Fe NPs obtained from the blend of PhR and
FeCls, as a conventional method, hardly changed with the
Fe concentration. This is caused by that the Fe NPs
obtained from the FeCls-blended sample contain large
particles with the size over 50 nm.

By the transmission electron microscopy (TEM)
observation, it was found that the turbostratic graphite
structure which is consisted of shell-like carbon layers and
intricately distorted carbon layers was formed around the
Fe NPs (Fig. 2). Furthermore, the peak analyses of Raman
spectra of obtained carbon materials revealed that the
carbon material obtained by the ion implantation (1x10'®
ions/cm?) contains more the turbostratic graphite structure
than that of the carbon material obtained by the

conventional method (FeCls-blending, 0.35 wt% Fe). This
is caused by that the finer Fe NPs with mean particle size
of 20 nm were introduced by the ion implantation
technique (see Fig. 1).

As a summary, it was found that the ion implantation
technique is useful to introduce the Fe NPs with controlling
the particle size and that the formation of turbostratic
graphite structure is promoted by the fine Fe NPs. It is
expected that the N-doped carbon catalyst with high
performance can be synthesized by controlling the
graphitic nanostructure with introduction of the fine metal
NPs.
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Fig. 1. Particle size of Fe NPs formed in the carbon materials with
the ion implantation and the FeCls-blending.

Fig. 2. Texture of obtained carbon material with the ion
implantation (1x10'® ions/cm?). shell-like carbon layers (left) and
intricately distorted carbon layers (right).
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High-aspect-ratio  capillaries  (diameter:  several
hundreds of nm, length: several tens of pm) containing
nanoparticles of precious metals (e.g., Pt, Au, and Ag) are
expected to be applied to plasmonic absorbers materials.
Plasmonic absorbers have the ability to convert light
energy into heat energy. By adding catalytic qualities, it
would be possible to apply plasmonic absorbers as
gas-reforming materials. The ability to form highly
dispersed precious metal nanoparticles into a narrow
space is essential for the fabrication of the plasmonic
absorbers. In this study, we demonstrated the preparation
of ion-track-etched capillaries containing Pt nanoparticles
in polyimide films. First, swift heavy ion beam irradiation
and chemical etching were used to prepare capillaries in
polyimide films. Then, Pt nanoparticles were formed inside
the ion-track-etched capillaries by electron beam
irradiation reduction method [1].

Polyimide films (Kapton, thickness: 25 pm) were
irradiated with 350 MeV 12°Xe?%* ions at a fluence of 3 x
107 ions/cm?. The irradiated films were etched in a sodium
hypochlorite (NaCIO) aqueous solution at 60 °C to create
the capillaries. The electrical conductivity of the samples
was enhanced for subsequent scanning electron
microscope (SEM) and transmission electron microscope
(TEM) observations by heating (i.e., carbonizing) them in
the presence of N2 for 3 h at 530 °C. The heat-treated
polyimide films were immersed in an aqueous solution
containing 0.5 mmol/L hexachloroplatinic acid hexahydrate
(H2PtCle) and 0.5 vol% ethanol (C2HsOH), and then
irradiated with a 2 MeV electron beam of 500 kGy.

Figure 1 shows a cross-sectional SEM image of
ion-track-etched capillaries created in heat-treated
polyimide film after an etching time of 20 min, the
capillaries presented a diameter of ~500 nm and were
aligned perpendicularly to the film surface, suggesting that

Fig. 1. Cross-sectional SEM image of
ion-track-etched capillaries created in a
heat-treated polyimide film after an etching
time of 20 min.

Fig. 2. (é) Low- and (b) high-magnification cross-sectional TEM
images of Pt nanoparticles formed into an ion-track-etched capillary in
a heat-treated polyimide film.

the capillaries were formed along the trajectory of a single
Xe ion incident beam perpendicular to the film.
Furthermore, the SEM observations revealed that the
capillaries penetrated the films.

Figure 2 (a) shows two cross-sectional TEM images of
precipitated Pt nanoparticles located on the wall of an
ion-track-etched capillary, which was formed in a
heat-treated polyimide film after an etching time of 20 min.
The Pt nanoparticles with isolated aggregates were
distributed homogeneously inside the ion-track-etched
capillary. The size of the Pt nanoparticles (i.e., their
diameter in the major axis direction) was measured based
on high-magnification TEM images. The isolated
aggregates were composed of Pt nanoparticles with sizes
< 5 nm (Figure 4 (b)). The high-resolution TEM
observations (i.e., lattice images) revealed that the Pt
nanoparticles has crystalline structure. Overall, the TEM
observations confirmed the formation of Pt nanoparticles
with isolated aggregates inside ion-track-etched capillaries
in heat-treated polyimide films. The results indicated the
formation of homogeneous Pt nanoparticles and isolated
aggregates inside the capillaries of polyimide film. Thus, it
was demonstrated that a combination of ion and electron
beam irradiation techniques can be applied to produce
capillaries containing metal nanoparticles in flexible
polymer films.
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Introduction

The vanadium redox flow battery is expected to store
renewable energy because it has the advantage that power
and capacity can be designed independently. In contrast,
there is a problem that the current density of the single cell
is low due to the higher internal resistances such as kinetic
resistance. Previously, in order to increase the current
density by increasing the number of reaction site, heat
treatment of the electrode materials in air have been
conducted [1]. However, the conventional heat treatment
takes time as long as 3 h. We focused on electron beam
irradiation as an activation method that can form oxygen
functional groups in a short time. When an electron beam
is irradiated in air, it is considered that the surface oxygen
groups can be added by the reaction between surface
carbon and radicals and/or ozone from the water or the
oxygen in air formed by the irradiation. In this study, we
investigated effect of the electron beam fluence to the
carbon material on the power density of the cell.
Experimental

Electron beam irradiation was performed on the carbon
cloth (CC) (Nippon Carbon Co.), and then, characterization
and electrochemical measurement were performed. The
electron beam was irradiated with an acceleration voltage
of 2.0 MV, 5 mA at from 1.39x10'% e cm?2 to 8.32x10"% e
cm2, that takes 10 min to 60 min, to the CC under the air
atmosphere at TAARI, QST. To evaluate the cell
performance, current-voltage curves were obtained using a
single cell with a pair of carbon block, which were current
collectors, with an interdigitated flow channel. The Nafion
117 membrane was used as the separator. The 1 M
vanadium species in a 3 M sulfuric acid aqueous solution
was used as the electrolyte solution. The surface content of
elements for the electrode materials was analyzed by X-ray
photoelectron spectroscopy (XPS).
Results and discussion

The cell voltages with the irradiated electrode were
higher than that of the pristine. The maximum power
density of the cell using the irradiated electrode with the
fluence of 1.39x%10'% e cm2 showed 1.6 times higher than
that of the pristine electrode (Fig. 1). Therefore, it is
considered that the oxygen functional groups would be
added to the surface of the electrode material, and the
relationship between the power output and the surface

oxygen fraction at each irradiation fluence was investigated.

When the electron beam was irradiated in air, the surface
oxygen fraction increased. In particular, the fraction of C-O

and C=0O bonds increased significantly. There was a
correlation between the fraction of the C-O and C=0 bonds
and the max power density (Fig. 2). Based on these results,
when an oxygen functional group such as phenol or
carbonyl is added to the surface of the electrode material,
vanadium ions are adsorbed on the oxygen functional
group, and the oxygen functional group behave as active
sites that promote the charge transfer reaction. As a result,
the kinetic resistance is reduced and the power output is
improved. Therefore, the electron beam irradiation to the
electrode material is considered to be effective as a
treatment method for efficiently adding an oxygen
functional groups as the active site in a short time.
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Fig. 1. Current-voltage curves of the irradiated electrodes.
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Acetylenes are the first monomer to polymerize by the
energy deposited by ionizing radiations, where electric
discharge in acetylene vapor atmosphere gave condensed
materials on the wall of the discharge tube. Herein we
report an efficient solid state polymerization of
ethynyl-substituted 9,9'-spirobi[9H-fluorene]s (SBFs) via a
unique nano-fabrication technique referred to as Single
Particle Trigged Linear Polymerization (STLiP) initiated by
high energy charged particles [1-3]. The resultant
nanowires of polymerized/crosslinked SBFs show a
gradual transformation from flexible to rigid rod-like
structures with an increase in the reaction efficiency
mediated by the ethynyl substitution. The estimated overall
efficiency of initiation/propagation/crosslinking reactions is
remarkably high, even in comparison with the primary yield
of ionization events in the radiation chemical processes,
marking up to G>80 (100 eV)™" [3].

The STLiP method is the stepwise processes containing
film fabrication, irradiation with swift heavy ions, and
development with organic solvents (Fig. 1). All the SBF
derivatives with/without bromo or ethynyl groups (Fig. 2)
were purchased or synthesized, and transformed to thin
films by spin-coating from CHCIs solutions. 450 MeV
129Xe?3* was used as an ion species. The films after
irradiation were isolated by development with toluene. The
morphology of the nanowires was measured by using a
Bruker Co. Multimode 8 atomic force microscopy (AFM).

Nanowire formation was clearly confirmed by AFM
observation as shown in Fig. 2. The averaged
cross-sectional radius (r), defined as r = (r*ry)"? evaluated
by AFM cross-sectional views, was found to be larger by
substitution with Br or ethynyl groups (Fig. 2). The effect of
Br substitution can be explained by high yield of free
radicals via the dissociative electron attachment (DEA)
reactions (Scheme 1a). For the impact of ethynyl groups,
major two reaction mechanisms were proposed to illustrate
the chain reaction in the polymerization: 1) initiating from
excited state of an acetylene molecule formed by charge
recombination followed by capturing neutral acetylene
molecules; 2) terminal hydrogen dissociation from the
excited state of acetylene leading to free radicals for
subsequent chain reactions. Considering the restricted
molecular motions in the solid phase, the former
mechanism rarely occur in the STLiP process. Thus the
formation of polymeric nanowire can be well explained by
free-radical chain reactions proceed via the highly reactive
vinyl radicals (Scheme 1b). The present results indicate
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Fig. 1. Schematic illustration of nanowire fabrication processes by
swift heavy ion irradiations and following isolation by development
with organic solvents.

Fig. 2. AFM images of nanowires from spin-coated film of SBF
derivatives. Irradiation was carried out with 450 MeV '°Xe?** at
the fluence of 1.0 x 10° cm™2. Scale bars represent 500 nm.
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Scheme 1. Plausible primary reactions in (a) Br- and (b) ethynyl-
substituted SBFs and structure of intermediates in the
propagation steps of polymerization reactions. The optimized
structures of a model compound of ethynyl-substituted SBFs were
calculated by density functional theory with ROB3LYP/6-31G*.

H — Ar—=: + H

the efficient chain reactions in the propagation steps by
ethynyl modification of the starting materials, which is
neither topochemical polymerization nor
acid/base-catalyzed reactions.
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A thermochemical water-splitting lodine-Sulfur (IS)
process [1] is expected as a promising method for
hydrogen production. In the IS process, a new
cation-exchange membrane (CEM) [2] prepared by the
radiation-induced graft polymerization has been applied to
the electro-electrodialysis (EED), which can enrich
hydrogen iodide (HI) in an HI-l2-H20 mixture (HIx solution).
Our previous studies to improve CEM performance
presented the following two findings. First, the most
important factors governing EED were the proton (H*) and
water selectivities [3]. Ideally, the former would be high,
and the latter low. Second, the crosslinking structure in our
grafted CEMs increased the H* selectivity because it
inhibited the permeation of the other molecular and ionic
components [4]. In this sense, it is of our great interest to
investigate the effect of the crosslinking on the water
selectivity, which is represented by a water permeation
factor, B (corresponding to a ratio of permeated quantities
of water to H*) [3]. Therefore, we report the 3 values for the
crosslinked CEMs with different ion exchange capacities
(IECs) to understand and optimize all the crucial factors for
EED.

The CEMs were prepared by pre-irradiation of the ETFE
film with y-rays, the graft polymerization of styrene (St) with
and without 5 vol% DVB, and sulfonation. The resulting
DVB-crosslinked and non-crosslinked CEMs exhibited the
IECs of 1.4-3.1 mmol/g and 1.1-3.0 mmol/g, respectively.
The B was measured using a filter-press type EED cell [2],
to which a direct current of 200 mA/cm? was applied for 4 h
at 313 K. The feeding HIx solution contained HI=12=10
mol/kg. The swelling ratio was measured by comparing the
CEM volumes before and after immersion in the same
solution.

Figure 1 shows the B values as a function of IEC. They
were lower for the crosslinked CEMs than for the
non-crosslinked ones at a given IEC. The non-crosslinked
CEMs showed an increasing trend in 8 at higher IECs. In
contrast, the crosslinked CEMs appeared to be
independent of IEC. These results suggest that the
introduction of DVB-based crosslinks led to the inhibition of
water permeation.

Figure 2 shows the swelling ratio in the HIx solution as a
function of IEC. The swelling ratio of the non-crosslinked
CEMs increased as the IEC became higher, indicating that
each of the ionic groups absorbed the HIx solution.
Importantly, however, the crosslinked CEMs had the
almost stable swelling ratio within the experimental errors.
The crosslinking structure prevented the absorption of the

Hix solution even if the ionic groups increased. We found
the HIx absorbability of our non-crosslinked grafted CEMs
to be independent of the temperature up to 373 K [3]. Thus,
the present result would be true for the actual EED in the
IS process.

The previous study [5] demonstrated that the
DVB-based crosslinks reduced a size of ionic aggregates
in the dried CEM. Considering the above result, we expect
that the smaller-sized ionic domains of the crosslinked
CEM would also be achieved in the HIx-solution
environment. Therefore, the introduction of DVB as
crosslinker was found to decrease the water selectivity due
to the less swelling property of the CEM.
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A charged mosaic (CM) membrane consists of many
cation- and anion-exchange regions, each of which is
threading from one side of the membrane to the other. This
special structure permits a selective permeation of
electrolytes against non-electrolytes and importantly, has a
potential to provide a high flux of electrolytes due to a
presence of circulating current through the membrane.
However, improvement of the mechanical strength for a
pressure dialysis (piezodialysis) process has been a major
challenge for a long time.

Thus, we have been working on the preparation of the
CM membranes having both high mechanical strength and
high electrolyte flux by using ion-track graft polymerization
method [1]. Our preparation procedure involves the
irradiation of anion exchange membrane (AEM) with heavy
MeV-GeV ions and the grafting of anionic-group-containing
monomers into each of the latent tracks. The resulting CM
membrane has anionically-charged cylindrical
nanochannels penetrated through the cationically-charged
AEM,; this structure is expected to improve the mechanical
strength. We report here, as a preliminary result, an
interesting finding that the valence-selective transport of
ions was controlled by different charges of the CM
membrane.

A commercially-available AEM, FAS-30 (fumasep®:
FUMATECH) with a 30 um thickness was used as a base
film and irradiated with 560 MeV '2°Xe ions at a fluence of
3.0x 108 ions/cm?. After the irradiation, the grafting reaction
was done by immersion in a 20 wt.% p-styrenesulfonate
(SSS) monomer solution at 60 °C for 6 and 9 h, which gave
CM membranes, CM-2 and CM-1, respectively. The
membrane potential of the obtained CM membranes was
measured using a KCI solution to investigate their charge
density ratio (CDR):

CDR = CD./CDa 1)

where CD: and CDa. are the charge densities of the

cation- and the anion-exchange regions, respectively. lon-

permeation experiments were performed by using a

diffusion dialysis system consisting of the CM membrane
and either of aqueous KCI, NaCl and CaCl: solutions.

CM-1 and CM-2 exhibited membrane potentials of 22.3
and -21.1 mV, respectively. Thus, the CDR of CM-1 was
larger than unity, while the CDR of CM-2 was smaller than
unity. According to equation (1), the charge density of the
cation-exchange region would be higher in CM-1 than that
of the anion-exchange region, and vice versa in CM-2.

Figure 1 shows the concentration of ions in the low-
concentration side of the dialysis system as a function of
measurement time. The slope of the concentration variation
was larger for CM-1 than for CM-2. This would be due to
the fact that CM-1 had higher water content, which probably
makes the ion transport faster. For both the CM membranes,
the concentration change of KCI was quicker than that of
NaCl. The hydrated ionic radius of K* is smaller than that of
Na* ions, thereby leading to faster K* transport through CM-
1 and CM-2.

The CaClz salt in CM-2 exhibited the smallest slope
among all the salts, while, in contrast, the CaCl: salt in CM-
1 exhibited the largest slope. This difference would be
rationalized by considering the following reasons. Ca?* is a
divalent ion, and therefore, its hydrated ion radius and ionic
mobility is larger and lower, respectively, than those of
monovalent CI- ions. Thus, the Ca?* permeation will be a
rate-limiting step in the diffusion of CaCl.. CM-1 had the
higher CDR than CM-2 did, meaning that CM-1 contained
Ca?*ions at higher concentrations. This is why the slope of
CaClz in CM-1 is much larger than that in CM-2.

In conclusion, the valence-selective transport of ions can
be controlled using the CM membranes with different
charges.

References
[1]1 M. Higa et. al., Bull. Soc. Sea Water Sci., Jpn. 71, 37
(2017).

1.6
CM-1
® CaCl,
A KCl
iy m NaCl )
3 12t
]
cM-2
£ o CaCl, [
? A KCl
e o NaCl A
han [ ]
- 08 | u
2 A
— [ ] | |
©
£ :
3
g 04 [ J ‘ A A
S 'y a4 g O
(&) ° é O
0 H L Q (Ol 0] Q o
0 500 1000 1500 2000
t [sec]

Fig. 1. lonic concentration of a low-concentration side as
a function of measurement time, t.

QST Takasaki Annual Report 2019



1-11

Fabrication of Planar Perfect Blackbody Materials

Using Etched High-Energy-lon Tracks

K. Amemiya?), Y. Shimizu®, H. Koshikawa®), M. Imbe? and T. Yamaki®

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

Low reflectance black materials have various
applications ranging from dark-level suppression to light
energy harvesting. Carbon nanotube forests are known as
the world's blackest materials [1,2]. Despite their excellent
optical performance, they are too fragile to be used widely
by the general public. Nickel-phosphorous (NiP) black
surfaces, which have high-aspect-ratio conical micropores
with oxide black layers, also show ultra-low reflectance of
near 0.1% in the visible and near-infrared range [3,4]. For
longer wavelengths, however, the reflectance of NiP black
increases owing to its geometry and composition [4], which
can be hardly customized for mid-infrared (MIR) use.

We are developing a novel planar perfect blackbody
material [5,6] from etched ion tracks [7]. Poly allyl diglycol
carbonate (CR-39 in trade name) plastic plates were
irradiated with energetic heavy ion beam from AVF
cyclotron of TIARA; then the samples were etched in
NaOH solutions to fabricate randomly arrayed optical
micro-cavities (etch pits) on their surface, followed by
replica molding. The resultant blackbody sheet from poly
dimethyl siloxane (PDMS) with carbon black fillers
exhibited ultralow reflectance of < 0.5% in UV-VIS-NIR-
MIR, notably < 0.1% in MIR while maintaining good
mechanical durability [6].

Finite differential time domain (FDTD) simulation, which
can calculate wave-domain optical propagation in materials
of three-dimensional geometry, confirmed that the cavity
aspect ratio should be >3, and the cavity opening diameter
of greater than the wavelength of interest is preferable
when targeting <0.1% total reflectance [4,6].

The ion track etching technique can easily manufacture
such high-aspect-ratio micro-cavities of opening well above
a few microns at will, by choosing ion species, energy, and
exposure density with adequate etching time [7]. This
means that the ion track etching technique can produce
micro-cavity molds that are appropriate for the near-perfect
MIR absorber. High absorptance is equivalent to high
emissivity. Therefore, our PDMS blackbody sheet would be
used as a planar standard infrared radiator, offering high-
precision calibration of radiation thermometers including
thermographic devices.

Such a thermal imager calibrator application requires a
large-area planar blackbody. We tried the fabrication of a
100 mm x 80 mm PDMS blackbody sheet (Fig. 1). We
successfully confirmed that the large-area blackbody sheet
also exhibited ultralow reflectance of <0.2% (near-unity
emissivity of >0.998) at thermal infrared wavelengths (8-15
um). The reflectance values at two separate positions on
the blackbody sheet agreed with each other (Fig. 2), which

implied that the blackbody sheet would have high in-plane
uniformity. This performance relies on the high uniformity of
materials and processing techniques: a master mold and a
replica material, and ion track etching techniques.
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Fig. 1. (left) Microtextured mold via swift heavy ion manufacturing,
and (right) its replica from PDMS with carbon black fillers.
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Fig. 2. Spectral hemispherical reflectance of the PDMS blackbody
sheet.
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Superconductor’s lossless current flow enables the
design of highly dense and compact equipment, and hence
offers powerful opportunities for increasing the capacity and
the efficiency of power grids. The practical critical current
density Jc, which is an important property of
superconducting materials for energy applications, is
governed by the vortex pinning strength. It is well-known
that the vortex pinning is determined by the ability of defects
in superconducting materials. Thus, there have been many
papers about defect introduction by the irradiation with the
particles of different masses and energies to increase J; in
magnetic fields. A low-energy ion irradiation has recently
received a renewed interest as a practical method for
improving pinning in REBa2CusO, (REBCO, RE=Y and
rare earth) films [1-3]. In this work, we present
superconducting properties in GABCO films irradiated with
10 MeV Au-ions.

The samples were 0.5-um thick GdBCO
superconducting layers on clad-type textured metal
substrates deposited by a pulsed laser deposition (PLD)
process. Abeam of 10 MeV Au-ions at fluences of 7.0x 100
to 4.0 x 10" Au cm? was directed to the film surface at
normal incidence. The superconducting properties were
measured using a Quantum Design superconducting
quantum interference device (SQUID) magnetometer.

Figure 1 shows a superconducting transition
temperature, Tc, obtained by magnetization measurement
as a function of fluence of 10 MeV Au-ions. In the inset of
Fig. 1, we plot the calculated dpa (displacement per atom)
as a function of fluence. The T of the GdBCO films
significantly started to drop at around 8.0 x 10" Au cm™
(2.5%x10® dpa) with Au-ion dose, and superconductivity
disappeared at 4.0 x 10"® Au cm2(1.2x10"" dpa). In the case
of YBCO thin films irradiated with 200 keV He-ion,
significant T degradation begins to occur at 3x10' He
cm2, corresponding to about 2 x 10 dpa [4], which is
consistent with the result obtained from this experiment.

Figure 2 shows a critical current density, Jc, as a function

of the magnetic field for pristine and the irradiated films at
fluences of 4.0 x 10" and 5.5 x 10" Au cm?2 The J
enhancement as a function of magnetic field are displayed
in the inset, where J: enhancement is defined as the
following equation:
(Je of irradiated film — Jc of pristine film) / Jc of pristine film.
We found that the 10 MeV Au-ion irradiation yields up to
more than 60% Jc enhancement in the magnetic field over
2 T. These results indicate that 10 MeV Au-ions irradiation
is effective to provide strong pinning defects in the high-Tc
GdBCO superconducting film.
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Fig. 1. Superconducting transition temperature T as a function of
fluence for GABCO films irradiated with 10 MeV Au-ions. The inset
shows the calculated dpa (displacement per atom) as a function of
fluence.
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Fig. 2. Critical current density J. as a function of magnetic field for
a pristine (prior to irradiation) GABCO film and films irradiated at
4.0%x10" and 5.5% 10" ion cm of 10 MeV Au-ions at 30 K. The
inset shows calculated J. enhancement.
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Metal nanocones directly integrated with a conducting
substrate have the following structural advantages for
electrocatalyst performance [1-3].

(i) the large surface areas accelerate the surface reaction
(i) the open space among the nanostructures has efficient
mass transfer

(iii) the nanocone shape, i.e., a fine tip plus large base,
enhances mechanical stability.

Our recent interest has been that the conical pores of the
track-etched membranes can be used as a template for
nanocone preparation. We report here the preparation of
platihum nanocones by electrodeposition in the
polycarbonate (PC) track-etched membrane [4] and their
electrochemical characterization for applications to
electrode catalysts.

A 50-um thick PC film was irradiated with 150 MeV
40Ar at fluences of 1.0 x 108 and 3.0x 102 ions/cm? from the
TIARA AVF cyclotron, QST-Takasaki. The experimental
configurations for the irradiation were set so that the
bombarding ions could stop inside the PC film. Etching of
the irradiated film was then performed in a 2.0 M sodium
hydroxide (NaOH) solution at 60 °C, leading to the
formation of non-penetrating conical pores. A 50-nm thick
platinum layer was deposited on the surface of the ion
track-etched membranes by sputter deposition. This was
used as a cathode for electroplating platinum with
PRECIOUSFAB Pt3000 (Tanaka Kikinzoku Kogyo Co.,
Ltd.) at 60 °C by applying a voltage of 5.0 V for 3 min. The
platinum nanocones were exposed by removing the PC
film with an aqueous NaOH solution. The
electrochemically active surface area (ECSA) were
estimated by cyclic voltammetry (CV) in a
nitrogen-saturated 0.5 M sulfuric acid solution between
0.02 and 1.17 V (vs. RHE). The electrocatalytic activity for
the oxidation reaction of ethanol was evaluated by CV in
an aqueous solution containing 0.5 M ethanol and 0.5 M
sulfuric acid as the electrolyte.

Figure 1 shows scanning electron microscope (SEM)
images of (a) the cross-section of the PC ion-track
membrane obtained after the 40-min. etching and (b) the
resulting platinum nanocones. The ion-track membrane
appeared to have conical pores with a surface diameter of
550 nm and a depth of 2.4 ym. We confirmed that these
pore dimensions roughly agreed with the base diameter
and height of the nanocones, respectively.

The platinum nanocones of the same size were
prepared at the areal density (corresponding, in principle,
to the ion-beam fluence) of 1.0 x 108 /cm? and afforded to
the electrochemical measurements. For comparison, a

platinum film was electrodeposited on an as-purchased flat
PC membrane. Figure 2 shows their CV curves of the
ethanol oxidation reaction. Note that the current densities
were standardized by ECSA and taken at 0.7 V vs. RHE on
a forward scan. The current density was 3.2 times higher
for the platinum nanocones than for the platinum film.
During the voltammetry of the nanocones, the local high
electric field was generated especially around each of their
fine tips. This phenomenon might induce an attraction
force on surrounding ethanol molecules to the electrode
surface, thereby increasing an apparent reaction rate [2].
In conclusion, our platinum nanocones could be promising
as an electrode catalyst material.
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Fig. 1. SEM images of (a) the croés-secion of the PC ion-track
membrane and (b) the platinum nanocones.
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Fig. 2. CV curves of the ethanol oxidation reaction for the (a)
platinum nanocones and (b) plate. The scan speed was 20 mV/s.
The arrows indicate a scan direction.
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Pt nanoparticles on the Ar*-irradiated glassy carbon
(GC) substrate exhibited a higher oxygen reduction
reaction (ORR) activity than those on the non-irradiated one
[1,2]. This result suggests that the irradiation defects in GC
would electronically affect the Pt nanoparticles; the
extended X-ray absorption fine structure of the Pt L-edge
actually indicated the shrinking of the Pt-Pt bond length in
Pt nanoparticles on the irradiated GC [3]. Our DFT
calculations also pointed out the lowering of the d-band
center energy of the Pt nanoparticles due to vacancies at
the graphite surface, which probably led to higher activity
[4]. Thus, it is of great interest to understand the overall
picture of the interface between the Pt nanoparticles and
irradiated carbon. We examined the electronic structure
near the interface in the carbon support by surface-
sensitive X-ray absorption near-edge structure (XANES)
measurements [5].

The HOPG supports were irradiated with 380 keV Ar* at
a fluence of 1.0x10™ ions/cm? in a 400-kV ion implanter. In
order to distinguish the C-C ¢* and n* states in the XANES
spectra, we used the HOPG as the carbon support and
selected the E-vector direction of X-ray radiation. The Pt
nanoparticles were deposited on the Ar*-irradiated HOPG
supports by RF magnetron sputtering. The XANES
measurements of the C K-edge with a probing depth of
approximately 0.6 nm (corresponding to a thickness of a
few graphene layers) were performed at room temperature
and below 2 x 108 Pa at BL-8, SR Center in Ritsumeikan
University. We used linear polarized light with the E-vector
and exposed the sample at 90° and 30° from the vertical
direction of the sample plane. C K-edge spectra with C-C
n* intensities comparable to those of C-C ¢* can be
observed at 30° while the spectra with only the C-C ¢*
states can be acquired at an angle of 90°.

In order to estimate the quantitative change in the
density of states (DOS), we fitted the spectra measured at
30 for the pristine HOPG, the irradiated HOPG, Pt/HOPG,
and Pt/irradiated HOPG, as shown in Fig. 1. We can identify
peaks (A) to (E) based on elaborate comparative analyses
using our spectral results at 90° [5] and the assignments in
ref. [6]; these correspond to (A) the n* (~285 eV), (B) C-H*
or C=0* (~288 eV), (C) n2 (289.0 eV), (D) o* (~291.5 eV),
and (E) o1 (292.5 eV) states. The Pt deposited samples
additionally exhibited peak (F) at around 284 eV, which
could be assigned to the Pt-C bonding state. The intensity
ratio of peak (F) to peak (A) was higher for Pt/irradiated
HOPG than for PtYHOPG, indicating that the introduction of

-
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Fig. 1. All XANES spectra with the curve fitting result. The red dots,
blue line, and green lines indicate the experimental data, the fitting
results, and the fitting peak components, respectively.

vacancies in the graphite surface would modify the
electronic structure caused by the Pt-C interaction. If we
assume such spectral modification to be relevant to the
enhancement of the ORR activity, the Pt-C interaction
should be one of the key factors for better electrocatalysts.
In this sense, therefore, the modified Pt-C bonding state
would be an origin of the observed structural and electronic
changes in the Pt nanoparticles, i.e., the lowering of the d-
band center and the shrinking of the Pt-Pt bond length.

The DFT calculations in ref. [7] suggested that vacancy
introduction in the carbon support leads to strong
hybridization between Pt and carbon, which would be a
reason for increased ORR activity. In other words, the Ar*-
irradiation-induced vacancies probably make the Pt-C
bonding stronger.
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The thermochemical lodine-Sulfur (IS) process [1] for
large-scale hydrogen production is composed of the
following three reactions:

SO2+I2+H20 —H2S04+2HI (Bunsen reaction) (1)
2HI—H2+ 12 (HI decomposition) (2)
H2804—H20+S02+0.502 (H2SO4 decomposition)  (3)

A distillation operation is necessary to extract
concentrated HI between reactions (1) and (2). A key to
achieving efficient distillation is to obtain the HI solution
exceeding its azeotropic composition because the energy
consumption can be minimized by restricting water
vaporization.

For this purpose, electro-electrodialysis (EED) for HI
concentration using a cation exchange membrane (CEM)
was proposed [2]. We have so far been working on the
preparation of the CEMs by a y-ray grafting method and
their EED testing [3]. Our key finding was that the voltage
of an EED cell was reduced due to the low ohmic resistance
of the CEM, but we still need further voltage reduction
considering energy requirements for practical large-scale
applications.

Therefore, we report here the preparation of new low-
resistance CEMs by an ion-track grafting technique (Fig. 1).
The base film was irradiated with high-energy ion beams to
form cylindrical latent tracks, into which the graft chains
were introduced. The resulting one-dimensional ion
channels in the thickness direction are expected to
efficiently transport protons for lower membrane
resistances.
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Fig. 1. Scheme for the preparation of a CEM by ion-track graft
polymerization.

A 25 pm thick ethylene-co-tetrafluoroethylene (ETFE)
film was irradiated with 560 MeV '2°Xe ion at a fluence of
3.0x108 ions/cm?. An irradiated film was immersed in a
toluene solution of styrene with volume concentrations of
50, 75, and 100%, and then kept at 60 °C for 1-24 h for
graft polymerization. For sulfonation, the grafted film was
immersed in a 1,2-dichloroethane solution of 0.2 mol/L
chlorosulfonic acid at 50 °C for 8 h. The ion exchange

capacity (IEC) was measured by an ion-exchange titration
method. The resistance of the CEM was measured in an
aqueous HI/I2 solution ([HI]=[l2]=10 mol/kg) by a two-probe
AC impedance technique.

The degree of styrene grafting was controlled by the
reaction time and styrene concentration. The films with the
grafting degree of 6.3-12% were sulfonated to prepare the
CEMs with the IEC of 0.45-0.90 mmol/g. The sulfonation
degree, the molar ratio of the sulfonic acid groups to the
total grafted styrene units, was high enough for all the
CEMs.

Figure 2 shows the relationship between the IEC and the
membrane resistance for the ion-track grafted CEMs. The
membrane resistance decreased with increasing the IEC.
Importantly, this was lower than that of the conventional y-
ray grafted CEM at any IEC; for example, at the highest IEC
of 0.9 mmol/g, it was 0.83 Q cm?, which represents a
reduction of 45%. Accordingly, we can confirm efficient
proton transport through one-dimensional ion channels of
the ion-track grafted CEMs.

The preliminary, but promising result in the above
spawns us to perform the EED tests using the low-
resistance ion-track grafted CEMs. The cell voltage can be
reduced compared to the case with the y-ray grafted CEM.
Further studies are now in progress.
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Fig. 2. Relationship between the IEC and membrane resistance
for ion-track (e) and y-ray grafted CEMs (o).
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The iodine-sulfur (IS) process is a promising technique
for thermochemical water splitting to yield hydrogen [1] and
consists of the following three reactions:

2H20 + SO2 + |2 — HzS04 + 2HI (~400 K) (1)
H2S04 — 0.502 + SOz + H20 (700-1200 K) )
2HI — Hz + 12 (500-800 K) 3)

The use of SOz and |2 as recycling agents allows water to
be decomposed at temperatures far lower than can be
achieved for direct thermal decomposition (~4000 K).

Dokiya et al. proposed a new idea of the Bunsen
reaction (Eq. (1)) by using a two-compartment electrolysis
cell for energy consumption saving [2]. In this so-called
membrane Bunsen reaction, the anode and cathode
compartments are separated by a cation exchange
membrane (CEM) and filled with aqueous solutions of SO2
and Iz, respectively. During electrolysis, the following
electrode reactions occur, and H* is simultaneously
transported across a CEM from the anode to cathode side:
Anode: SO2+2H20 — H2SO4 +2H* + 2e” (4)
Cathode: I2+2H*+2e"— 2HI (5)

To date, the commercial Nafion has been used as a CEM
for the membrane Bunsen reaction. In this case, however,
due to its high resistance for H* transport, the reaction
overvoltage, Vower, was too high to be acceptable for
industrial application. In order to reduce the Vover, the novel
CEM with low resistance is needed.

In this study, we prepared the CEMs by a radiation-
grafting method and applied them to the membrane Bunsen
reaction [2]. A low-resistance grafted CEM was expected to
reduce the Vover. In addition, the porous Au cathode with
larger surface area was used instead of the conventional
non-porous Pt cathode [2].

The CEMs were prepared by y-ray irradiation of the base
ethylene-co-tetrafluoroethylene (ETFE) film, grafting of
styrene and subsequent sulfonation of the styrene units.
The degree of styrene grafting increased with the reaction
time and reached the maximum of 92%. The obtained
CEMs exhibited the ion exchange capacity (IEC) in the
range of 0.4—2.9 mmol/g. The CEM with the highest IEC of
2.9 mmol/g showed the resistivity of 5.5 Q cm, which was
less than half that of a Nafion 212 membrane (12 Q cm).

Table 1 shows the conditions of the membrane Bunsen
reaction tests. The anolyte was an aqueous solution of SO2
(1.0 mol/kg) and H2S04 (3.2 mol/kg), while the catholyte
was an aqueous solution of HI (2.5 mol/kg) and 2 (2.5
mol/kg). In the galvanostatic mode, the Vover was measured
at the different current density, /, ranging from 0 to 200
mA/cm?.

Figure 1 shows the Vover as a function of the /. In the low-
I region (<20 mA/cm?), the Vover steeply increased for Run
2 due to the high activation potential for the cathode
reaction. In contrast, Run 1 exhibited the far lower increase
rate of Vover probably because the larger surface area of the
porous cathode decreased the activation potential.

At the high-/ region (> 50 mA/cm?), the Vover linearly
increased with increasing the /. The Vover at the maximum /
of 200 mA/cm? for Run 1 was 0.21 V and was only one-third
that for Run 2 (0.66 V). This result was mainly due to the
difference in the CEM resistance corresponding to the
slope of the line; the resistance values were estimated to
be 0.52 and 2.1 Q cm? for Run 1 and 2, respectively. It was
concluded that the Vover was successfully reduced by using
the low-resistance radiation-grafted CEM [2].

Table 1
Experimental conditions of the reaction tests.
Run Membrane Anode Temp.
1 Grafted CEM Porous 50°C
(IEC=2.9 mmol/g) Au
2 Nafion 212 Non-porous | 20°C
(IEC=0.90 mmol/g) | Pt
0.7
0.6
_ 0.5
2 0.4
;;% 0.3
0.2
0.1
0 1 1 1 1

0 50 100 150 200
I (mA/cm?)

Fig. 1. The V,.r as a function of the / for Runs 1 and 2.
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Vacancy-induced Magnetism in Gd-doped GaN Film

Probed by Spin-polarized Positron Beam
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Diluted magnetic semiconductors (DMSs) materials,
such as Gadolinium-doped gallium nitride (GaGdN), have
much attracted interest because the both of
semiconducting and magnetic properties are emphasized
at development of spintronics devices. Actually, it has been
observed that Gd ion implanted GaGdN crystals exhibit
room temperature ferromagnetism [1]. Although each Gd
atom has a magnetic moment of 7 uB, the anomalous large
magnetic moment as high as 4000 pB/Gd ('colossal'
magnetization) has been reported [2]. The origin of such the
anomalous magnetic moments is still unclear, however,
some possible candidates are proposed, such as the
vacancy-type defects [3]. In this study, the relationship
between magnetism and vacancy-type defects in GaGdN
is investigated employing the Magnetic Doppler broadening
(MDB) method, which can detect magnetic moments
localized at vacancy-type defects.

Samples used in this study were MBE-grown undoped

GaN films with the thickness of 2 um on sapphire substrates.

Gd ions were implanted to these samples at 370 keV at a
room temperature using a 400 keV ion implanter.
Implantation doses are from 1x10'? cm2 to 1x10'® cm-2.
After implantation, all the samples were annealed at 1173
K in air. The Doppler-broadening annihilation radiation
(DBAR) spectra were obtained in the magnetic fields of +
0.91 T at 300 K and characterized as the S parameter. The
magnetic DBAR (MDB) intensities were also obtained as
the difference between the S parameters for the positive
and negative magnetic fields. Magnetization (M-H)
measurements were carried out using a superconducting
quantum interference device (SQUID) apparatus.

Figure 1 shows the M-H curves for the GaGdN samples.
After the implantation and the subsequentially annealing,
magnetizations are observed. Similar to the literature [3],
the magnetization is confirmed. Figure 2 shows the incident
positron energy dependence of S parameters and MDB
intensities. After the Gd implantation and the annealing, S
parameters are increased. Since positrons annihilate
preferentially at the gallium vacancies [4], this result shows
that the gallium vacancies are detected. In the case of the
higher dose sample (>1x10'® Gd/cm?), the large increase
of S parameter (~10%) are observed, indicating that the
vacancy cluster might be formed. The MDB intensities also
increased in the same region. This means that magnetic
moments exist at the gallium vacancy clusters. On the other
hand, in the low-dose sample with the small increase of S
parameter (~4%), which is equivalent to single vacancies
[4], MDB intensities show no significant increase. In
addition, the magnetic response is very weak for the
nitrogen ion implanted GaN sample, which only the gallium

vacancies are introduced [5]. Some theoretical /
experimental reports ever published propose that the Ga
single vacancies relate with the magnetism, however from
our MDB measurements, the ferromagnetism may be
explained by electron spins associated with lager vacancy
clusters.
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Recently, it has been proposed and demonstrated that
heavy elements are potentially suitable for new computing
schemes using bound electrons for high temperature
operation, e.g. quantum information processing [1].
However, in practice doping heavy elements into the Si
crystal is difficult for a variety of reasons. These include,
their low diffusion coefficient and solid solubility for thermal
diffusion methods [2], their strong tendency towards
surface segregation during molecular beam epitaxy (MBE)
[3,4]. To overcome those problems, we used one solution
to realize—Bi doping in Si crystal with a use of ion
implantation. In this work, we fabricated the Bi doped Si
sample with the dopant density of 1.1x10%' cm™ (5.5x10'°
cm?; 370 keV), 3.4x102° cm™ (1.7x10' cm?; 370 keV),
1.1%x10%° cm- (5.5% 10" cm2; 370 keV), 3.4x10"% cm™ (1.7
x10'* cm?; 370 keV), 1.1x10" cm? (5.5x10" cm?; 370
keV), at TIARA facility, QST.

First, subsequent annealing (600 °C, 30 min) was
applied to the dosed samples after chemical cleaning.
Then, decrease of point defects was characterized by the

S parameter analysis of positron annihilation measurement,

at QST. Bi does not form any ally with Si, so anneal
process is much easier rather than other material systems.
We chose 600 °C for annealing to recover the ion
implantation damages since the temperature is know as
solid epitaxial temperature to change the amorphous part
into crystal from the crystal region. As imagined, after the
anneal at 600 °C, S parameters of samples with the Bi
density under 1.1 x 102° cm™ (dose of 5.5 x 10" cm2)
decreased, while those over this critical Bi density
increased.

Second, we tried ion implantation at elevated
temperature of 600 °C. Since we thought accumulated
strains could be released even for the samples over 1.1 x
102 cm3 at 600 °C. Unfortunately, contrary to
expectations, S parameters of all the samples increased.
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In general, compound alloys are expected for various
type of new functional material because of their good
properties such as specific strength to weight ratio,
oxidation resistance and strength in elevated temperature.
On the other hand, hydrogen embrittlement has reported
for some compound alloys, such as a Fe-Al alloy.
Considering of this hydrogen and defects interaction, we
suggest that intermetallic alloys can be proposed as the
hydrogen storage material by control of defects. However,
the nature of basic defects in this alloy is not necessarily
cleared yet. In addition, there is a few reports for defect
control in intermetallic alloys by high energetic particles
irradiation. We have been investigating defects behavior in
many kinds of alloys for radiation damage and materials
modification studies. Also, the nature of defects and their
hydrogen trapping behavior in B2 ordered Fe-Al alloys with
different energy of electron irradiations were examined. As
a result, we have successfully controlled the vacancy type
in B2 ordered Fe-Al alloy, and we found that hydrogen
trapping behavior strongly depends on the vacancy type. In
this study, we have performed proton irradiation for B2
ordered Fe-Al alloy in order to know the defects and
hydrogen interaction. Fe-48at.% Al alloy sample was
prepared by arc melting method in argon atmosphere.
Sliced specimens with the thickness of 0.5 mm were
annealed at 1073 K for 3 h followed by quenched into water.
1.5 MeV proton irradiation was carried out for these
samples with the fluence of 1x 106 ions/cm? at TIARA in
QST, Takasaki. Before and after irradiated samples were
examined by X-ray diffraction (XRD) and positron
annihilation measurements. Also, thermal desorption
analysis (TDA) and micro Vickers hardness measurements
have done with annealing isothermally up to 800 K.

Figure 1 shows the TDA spectra of H irradiated Fe-Al
alloy. Clear peak appeared at 713 K showing that hydrogen
released from radiation induced defects. Proton irradiation
makes defects production and hydrogen atoms
implantation simultaneously. It is considered that implanted
hydrogen atoms are trapped at defects introduced by the
irradiation immediately. In addition, desorption peak after
proton irradiation did not match for 2 and 8 MeV electron
irradiated one. This is probably due to the trapping
hydrogen by other type of defects such as di-vacancy.

Figure 2 shows the annealing behavior of micro Vickers
hardness with 1.5 MeV proton irradiated Fe-Al alloy. Before
irradiation, the hardness is about 372 Hv for this sample.

The hardness increased by the irradiation and decreased
gradually with heating up to about 720 K. But it changed
drastically at this temperature. This temperature
corresponds to hydrogen desorption peak appeared in TDA.
Then, mechanically hardening arises by the trapping of
hydrogen in vacancy type defects. In other words, hydrogen
desorption behavior can be deduced by hardness change.
It found that the mechanical property recovers by
desorption from defects in this alloy.
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Thanks to continuous down scaling of the semiconductor
manufacturing process over the last 50 years based on the
Moor’s and Dennard’s law, the Fin field effect transistors
(FinFETs), which have three-dimentional gate structure
(shown in Fig. 1), are currently adopted to the cutting edge
semiconductor devices. While it is behind several
technology generations compared with commercial
processes, the manufacturing process for space parts also
continues down scaling [1]. As technology advances, single

event effects (SEEs) caused by heavy ion are getting worse.

Even in the FInFET generation, it is still a major concern.
It's important to evaluate SEEs on these devices for future
space mission. The electronics used in the space must
stand harsh environments such as heavy ion irradiation.
This study investigates SEEs induced on FinFET static
random-access memory (SRAM) irradiated with heavy ion.

The device under test (DUT) was fabricated in a
commercial 14/16-nm bulk FinFET process. The single-port
(1RW) six-transistor (6T) SRAM macros were implemented
on a test chip to evaluate SEEs. The DUT contains 5.5 Mbit
SRAM cells. The all logical “0”, all logical “1” and
checkerboard data patterns in the SRAM (“All0”, "All1” and
“CKB1”, respectively) were used for SEE evaluation. For
the CKB1, logical “0” and “1” were configured in a
checkerboard pattern with “1” written in the first bit. The
single event effects on the DUT were evaluated using the
Takasaki lon Accelerators for Advanced Radiation
Application (TIARA) at the National Institutes for Quantum
and Radiological Science and Technology (QST). A

monoenergetic heavy ion beam was used for the evaluation.

Table 1 lists ion used in this study and related information.
Linear energy transfer (LET) and the ion travel range in Si
were calculated by SRIM code [2]. The irradiations were
performed at normal incidence and at room temperature.
The single bit upsets (SBUs) and multiple cell upsets
(MCUs) were observed in all trials. No sudden current
increases, single event latch-up (SEL) or single event
functional interrupt (SEFI) were observed in any
experiments. Figure 2 shows upset probability density of fail
bit map (FBM) in case of Xe irradiation. It was plotted as
normalized accumulation of each FBM, showing the
average response of certain ion irradiation on certain data
pattern. Figure 2 indicates the spacial response of FBMs
against heavy ions and dependency on the patterns in
SRAMSs, which is one of the important parameter for making
radiation-hardening-by-design  (RHBD) circuits. By
considering this spacial response of FBMs in addition to the

SRAM bit cell size, the minimum critical length of the
redundant transistors can be determined.

According to the further discussion on our previous study
[3], characteristic charge collection mechanisms induced
on FIinFET transistors in SRAM are implied. Based on these
results, JAXA is going to develop RHBD methodology,
which is applicable on FinFET manufacturing process.
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Fig. 1. Bulk planar FET (left) and bulk FinFET (right).
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Fig. 2. Upset probability density of fail bit map (FBM) in case of
Xe irradiation. WL and BL arrows indicate directions along word-
line and bit-line, respectively.

Table 1

Test conditions.

lon Net Energy LET at Si surface  lon travel range
MeV MeV/(mg/cm?) in Si um
129%e 454 68.9 35.0
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InGaP/GaAs/Ge triple-junction (3J) solar cells are widely
used as power sources for spacecraft owing to their high
performance. Solar cells suffer damages by radiative
particles such as high energy protons and electrons in an
orbit. In particular, the degradation of open-circuit voltage
(Voc) in the GaAs subcell dominates the damage of 3J solar
cells (see Fig. 1). Therefore, the challenge is to understand
the radiation effects on minority-carrier lifetime of GaAs
subcells in 3J solar cells, which dominates the degradation
of Voc in 3J solar cells. In this study, we investigate the
radiation effects on the Shockley-Read-Hall (SRH)
recombination lifetime in the depletion region of the GaAs
subcell using the AB model [1]. In addition, by comparing
the results with the characteristics of radiation-induced
defects clarified in previous studies, the electrically
activated defects behaving as recombination centers in this
region is identified.

We employed an InGaP/GaAs/Ge 3J solar cell for space
use as a sample. The 3J solar cell was irradiated with
electrons at National |Institutes for Quantum and
Radiological Science and Technology (QST). The electron
energy was 1 MeV and the fluence was 3 x 10'* cm2 which
is equivalent to the irradiation dose of solar panel in the
geostationary  orbit for approximately 5 years.
Electroluminescence (EL) was measured before and after
the electron irradiation. The average internal luminescence
efficiency (n;,:) was calculated using the EL intensity.

Figure 2 plots the dependence of 7;,; and forward-bias
voltage on injected current of the GaAs subcell before and
after the irradiation. The solid lines are the fitting curves
using the 2-diode model. In the low-current regime, the
current-voltage characteristics under the dark condition can
be reproduced by diode with n=2. In this regime, the
recombination current in the depletion region is significantly
larger than that in the neutral region. Therefore, the broken
lines, which are the calculated n;,; of the depletion region
from the AB model, should coincide with the experimentally
obtained 7;,; (closed circles) particularly in the low-current
regime. The SRH recombination lifetime in the depletion
region was obtained as a parameter in the calculation.
Using the obtained SRH recombination lifetimes of before
and after irradiation, the damage coefficient for lifetime (K;)
was estimated. Previous studies have revealed the K, for
each of the radiation-induced defects in GaAs subcell by
electron irradiation from deep level transient spectroscopy
(DLTS) study [2]. By comparing the two K_s obtained in this
study and the previous studies, it is possible to estimate
which radiation-induced defects are the most effective as

recombination centers. The result suggests that H2-type
defects [2] in the depletion region of GaAs subcell are the
most effective.

In conclusion, minority-carrier lifetime degradation was
analyzed and the most effective defects in the depletion
region were identified. These results are important for
developing high radiation-resistance of space solar cells.
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Quantum sensing by which temperature, magnetic and
electrical fields can be measured is a promising application
utilizing the principles of quantum mechanics. Silicon
carbide (SiC) has a couple of spin defects available for a
quantum sensor, silicon vacancy (Vsi), divacancy (VcVsi)
and nitrogen-vacancy (NcVsi). A Vsi-based quantum sensor
is the most appropriate to detect directly the internal state
of a SiC power device because it can realize high sensitivity
and high spatial resolution sensing at room temperature.
Detailed data taken can help to improve device
performance. To realize such the sensor with minimum
degradation of the device performance, a three-
dimensional (3D) grid manner Vsi array is required. In this
study, we have fabricated 3D arrayed Vsi in a SiC pn diode
by particle beam writing (PBW). Optical addressability of
the Vsis, the requirement for quantum sensing, were
checked using optically detected magnetic resonance
(ODMR) measurements.

The samples used in this study were in-plane pn (p*nn*)
junction diodes with an opposite electrode fabricated in
epitaxial 4H-SiC layers. A 3D arrayed Vs was created at a
vicinity of the electrode using the 3MV single-ended
accelerator. To change the depth of the Vs;, ion species (H
and He) and ion energy (0.5-3 MeV) were properly selected
on the basis of a Monte Carlo simulation (SRIM). A laser-
scanned confocal fluorescence microscopy (CFM) with a
671nm laser was utilized to confirm Vsis and evaluate their
optical properties at room temperature. For ODMR
measurements, a loop coil was set just behind the sample
for radio-frequency (RF) field exposure.

The CFM images of the sample are shown in Fig. 1(a)
and (b). For the in-plane (XY) image, a dot array consisting
of three different luminescent spots were clearly observed
as designed. To confirm the depth of each spot, a cross-
section (XZ) scan was carried out. As shown in Fig. 1(b),
horizontally aligned three luminescent-spots-lines were
observed. With correcting the influence of refractive index
mismatch between air (=1) and SiC (=2.6), the depth was
estimated to be ~5, 20 and 60 um for the shallowest, middle
and deepest spots, respectively. These were in good
agreement with the values expected by the SRIM
simulation.

Next, we performed ODMR measurements for three
different-depth Vsis. The ODMR spectra obtained from
each spot were summarized in Fig. 2. The peak around 70
MHz, which was assigned as an ODMR peak from Vs;

under a zero magnetic field [1], was observed for all spots.
These results suggest that the 3D arrayed Vsi is capable of
measuring the entire area of a SiC device from the fact that
the thickness of a typical SiC device is on the order of 10
pm.

In conclusion, we successfully introduced a Vsi-based
3D quantum sensor into a SiC pn device. This is expected
to be applied to practical SiC devices for improving their
performance.
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Fig. 1. (a) An in-plane (XY) and (b) a cross-section (XZ) PL
mapping of a 3D arrayed Vs; in the pn diode.
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Fig. 2. ODMR spectra obtained from three different-depth
luminescent spots under a zero magnetic field. Red lines show a
Lorentzian fit of the data.
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The effect of surface modification on the hydrogen
absorption behavior in hydrogen-metal systems is an
important topic from a scientific and industrial perspective.
Palladium (Pd) can absorb large amounts of hydrogen;
therefore, many studies have focused on the Pd-H system
of ultrafine structure Pd [1]. A surface phenomenon is the
formation of the Pd-H system due to the interaction of the
H2 molecule with Pd. The introduction of vacancy-type
defects in the Pd surface layer effectively improved the
hydrogen absorption rate [2]. Regarding hydrogen
absorption in materials, the absorption concentration of
hydrogen atoms and the hydrogen absorption rate strongly
depends on the metal's surface state. These results
suggest that Pd’s hydrogen storage characteristics may be
improved by surface modification using ion irradiation. In
this study, following last year’s report [3], defect introduction
was followed by further high-energy ion irradiation, and the
initial hydrogen absorption reaction rate (initial reaction
rate) was investigated. The initial reaction rate is equivalent
to the recharging speed of the storage battery.

The samples used in this study were Pd sheets (99.99%
purity, 7.5x7.5x0.1 mm?3). The Pd samples were irradiated
with 7 and 13 MeV N ions at room temperature using a 3
MV tandem accelerator at doses of 1 x 10" cm?. The
hydrogen absorption rates of irradiated Pd samples were
investigated using an electrochemical method together with
the previously reported energies (30, 100, 350 keV and 5
MeV). The initial reaction rate was measured by the change
of current density mA(g-alloy)" at a constant voltage -0.93
V and room temperature, and the hydrogen concentration
absorbed by the negative electrode was calculated. The
details of the electrochemical measurements have been
reported elsewhere [4].

Figure 1 shows the correlation between the initial
reaction rate and the ion irradiation energy, derived from the
hydrogen storage curve of Pd irradiated with N*. The
horizontal axis shows the irradiation energy and ion
implantation depth in Pd, and the vertical axis shows the
initial reaction rate of hydrogen storage in Pd. The initial
reaction rate of Pd become about 8 times faster as the
irradiation energy was increased to 30, 100 and 350 keV in
the case of N* irradiation. On the other hand, the initial
reaction rate of Pd became slower as the irradiation energy
was increased to 5, 7 and 13 MeV.

Since the initial reaction mainly occurred on the Pd
surface layer, ion irradiation on the Pd surface layer is
critical in the initial reaction rate. The upward convexity of
the initial reaction rate depending on irradiation energy is
due to the interaction of ion irradiation. The SRIM

simulations [5] show that Pd's amount of defect formation
is higher at the deeper implantation depth than at the
surface layer for high energy MeV irradiation than for keV
irradiation. On the other hand, the maximum defects
formation in the Pd surface layer has a peak at more than
1000 nm above 5 MeV, while defects are continuously
formed from the Pd surface layer to about 200 nm at 350
keV.

Therefore, the irradiation in the keV region, where a
large number of defects are formed on the surface, has a
significant effect on the initial reaction rate because the
amount of the formation of defects is larger than that in the
deep region. From the above, it was found that the
introduction of defects into the surface layer by low-energy
ion irradiation is more efficient for surface modification to

increase the initial reaction rate.
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Fig. 1. Correlation between the ion irradiation energy (in the
direction of the target defect depth) and the initial reaction rate.
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Cu?* Adsorption Capacity of Fibrous Grafted Metal

Adsorbent Under Highly Alkaline Condition at pH 15
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Along with the ultra-high integration of semiconductor
devices, it is necessary to remove a trace amount of
copper ions (Cu?') contaminated in surface etching
solutions for Si wafers, in order to improve the
manufacturing yield. The surface etching solutions are
composed of high concentration alkaline aqueous
solutions, such as 48wt% NaOH or 48wt% KOH solutions
with pH>15. The objective of this study was to evaluate
the Cu?* adsorption capacity of a fibrous grafted metal
adsorbent under a highly alkaline condition.

In this study, six types of the fibrous grafted metal

adsorbents with different functional groups were compared.

The six functional groups were diol (Diol), sulfonic acid
(SA), iminodiacetic acid (IDA), ethylene diamine (EDA),
iminodiethanol (IDE) and piperazinyl-dithiocarbamate
(PZ-DTC) groups. The PZ-DTC-type metal adsorbent was
synthesized by radiation-induced emulsion grafting and
subsequent three-step chemical modifications consisting
of amination, deprotection, and dithiocarbamation, as
previously reported [1]. The Cu?* adsorption capacities of
the metal adsorbents under a highly alkaline condition
were examined through the batchwise adsorption tests. In
this study, a 100 ppm Cu?* aqueous solution adjusted to
pH~15 wusing 10 M NaOH solution. The molar
concentration ratio of Na* and Cu?* in the solution was 10
M and 1.573 mM. Therefore, the Na* concentration was
approximately 6400 times higher than that of Cu?*, and the
metal adsorbents were compelled to selectively adsorb a
marginal amount of Cu?* from the solution with the high
concentration of Na*. As shown in Table 1, the Diol-type
adsorbent could not adsorb Cu?*. This was expected
because the diol group is hydrophilic having no metal ion
adsorption capability. Similarly, the SA-type adsorbent
could hardly adsorb Cu?* from a high-concentration Na*
aqueous solution with pH~15. The Cu?* adsorption
capacity was 0.005 mmol-Cu?*/g-adsorbent. This
exceptionally low Cu?* adsorption capacity was considered
to be due to low metal ion selectivity of the SA group via
electrostatic interaction.

In the case of the metal adsorbents with chelating
functional groups such as IDA, EDA, IDE, and PZ-DTC
groups, although each chelate-type adsorbent could
selectively adsorb Cu?* even from a high-concentration
Na* aqueous solution with pH~15, the Cu?* adsorption
capacities varied substantially. The IDA- and EDA-type
adsorbents could selectively remove a trace amount of
Cu?*, which was dissolved in a high-concentration Na*
aqueous solution at pH 15. The Cu?* adsorption capacities
of the IDA- and EDA-type adsorbents were 0.082 and
0.128 mmol-Cu?*/g-adsorbent, respectively. In addition,

the Cu?* adsorption capacity of the IDE-type adsorbent,
which was used to clean the high alkaline etching aqueous
solution of Si wafer and exhibited the highest performance
in a previous study [2], was approximately 0.314
mmol-Cu?*/g-adsorbent. The reason for these lower Cu?*
adsorption capacities is that the constituent atoms of IDA,
EDA, and IDE groups contained oxygen and nitrogen
atoms, which exhibit a high affinity for Na*. Therefore, it is
considered that various chelate groups such as IDA, EDA,
and IDE groups could adsorb Cu?* and Na*
simultaneously.

Meanwhile, in the case of the PZ-DTC-type adsorbent,
the Cu?* adsorption capacity at pH~15 was improved
dramatically up to 0.754 mmol-Cu?*/g-adsorbent. It was
approximately 2.4 times higher than that of the IDE-type
adsorbent, which is the highest level thus far [2]. The
reason for the higher Cu?* adsorption capacity is that the
constituent atom of the PZ-DTC group does not contain an
oxygen atom (which exhibits a high affinity for Na*) but a
sulfur atom (which exhibits a low affinity for Na*).
Therefore, the PZ-DTC groups could preferentially adsorb
Cu?* while excluding Na*. The above results revealed that
the fibrous grafted metal adsorbent with the PZ-DTC group
does not lose its metal adsorption function even under a
high alkaline condition with pH~15. In addition, it was
observed that the PZ-DTC-type adsorbent could recover
Cu?* efficiently and selectively from a high-concentration
Na* aqueous solution with pH~15.

Table 1
Cu?* adsorption capacity of fibrous grafted metal adsorbents
under highly alkaline condition (pH 15).

Adsorbenttype | PO S | o aeamren
Diol-type 4.496 0.000
SA-type 2.768 0.005
IDA-type 2172 0.082
EDA-type 3.005 0.128
IDE-type 3.015 0314
PZ-DTC-type 2.112 0.754
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Chemical utilization of biomass materials has been
desired because of the global petroleum shortage. In this
respect, cellulose and lignin, well known wood biomass
materials, have been gaining increasing attentions. When
considering the wood-biomass structure, biomass is
known to be composed of cellulose core and lignin as an
outer layer. With taking above points into account, we
aimed to artificially mimic the biomass structure based on
the biomass-derived materials. Here, cellulose will be used
as a facile matrix and lignin sourced polymers will be used
as an outer layer. As such, we performed the
recombination of cellulose fabrics and lignin-derived vinyl
monomers by radiation-induced polymerizations to
artificially mimic the wood structure starting from biomass
components.

Before we prepared the hybrids from cellulose fabrics,
we started our work with polyethylene (PE) fabrics as
model substrates to ignore possible side reactions. The
schematic procedure is shown in Scheme 1. First, the
radiation-induced graft polymerization of pre-irradiated PE
fabrics (50 kGy) and methacrylated vanillin (MV) was
conducted in 1,4-dioxane at 60 °C for 5 h to give
poly(methacrylated vanillin)-grafted PE (PE-g-PMV). A
grafting degree (GD) was 136%. The ATR-FTIR spectrum
of PE-g-PMV showed the anchored surface aldehyde
groups. To note here, PMV was revealed to show high
reactivity for a wide range of multi-component reactions
(MCRs) including the Kabachnik-Fields reaction (KFR) [1],
which guarantees the efficient surface modification to
afford MCR-ready biomass-sourced hybrids. Therefore,
KFR of PE-g-PMV (GD = 136%), p-anisidine and
diisopropyl phosphite was conducted in 1,4-dioxane at 80
°C for 24 h to obtain polymeric a-amino
phosphonate-grafted PE (PE-g-PAP). The results of IR,
solid-state 3'P NMR and SEM-EDX indicated the high
conversion of the surface aldehyde groups. Additionally,
the SEM micrographs of PE-g-PAP showed no damage to
the fiber structures. These results demonstrated that the
PMV segment was successfully anchored on the PE
surfaces and revealed to show high compatibility with the
KFR process even on the surface.

Since the model reactions with PE fabrics proceeded
smoothly, we next prepared hybrids from cellulose fabrics,
which is the main concept of this work. The used
procedure was following that of PE, except for a dose of 20
kGy instead of 50 kGy and methanol of graft
polymerization solvent instead of 1,4-dioxane. The
radiation-induced polymerizations and KFR gave

PMV-grafted cellulose (Cell-g-PMV) (GD = 57%) and
PAP-grafted cellulose (Cell-g-PAP), respectively. Figure 1
shows ATR-FTIR spectra of cellulose fabrics, Cell-g-PMV
and Cell-g-PAP. The peak of aldehyde groups was
observed at 1692 cm in the spectrum of Cell-g-PMV, and
then this aldehyde peak disappeared in the spectrum of
Cell-g-PAP. Instead, the peak of phosphonate ester units
appeared at 979 cm™ in the spectrum of Cell-g-PAP. In
addition to these IR results, the results of solid-state 3'P
NMR and SEM-EDX indicated a successful synthesis of
Cell-g-PAP. Moreover, the SEM micrographs of Cell-g-PAP
showed no damage to the fiber structures as well as
PE-g-PAP. All in all, these results chemically proved the
recombination of cellulose fabrics and MV by
radiation-induced polymerizations and the efficient surface
KFR to control surface properties.
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Scheme 1. Schematic procedure of the radiation-induced graft
polymerization of MV and the surface KFR.
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Fig. 1. ATR-FTIR spectra of the cellulose fabrics, Cell-g-PMV with
a GD = 57% and Cell-g-PAP.
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The spent Plutonium Uranium Redox Extraction
(PUREX) solvent containing uranium (U) and plutonium
(Pu) is generated from the reprocessing process of spent
nuclear fuel. The removal of nuclear materials is an
important task for safety storage or disposal of the spent
solvent. From our previous studies, the adsorptivity of
Zr(IV) to simulate Pu(lV) has shown that the iminodiacetic
acid (IDA)-type functional group is effective adsorption in a
simulated spent PUREX solvent which is including high
concentration of radiolysis product of solvent (dibutyl
phosphate) [1]. However, to adapt the actual spent PUREX
solvent, additional adsorption performance is required for
the adsorbent. In this study, porous silica particles with a
high specific surface area were used as a support of the
adsorbent, and a new IDA-type adsorbent was synthesized
to achieve the high adsorption rate. To introduce the IDA
function onto the porous silica particles, the surface of the
porous particles was pre-coated with a stylene-
divinylbenzen copolymer as the supporting material. The
new IDA-type adsorbent was synthesized by graft
polymerization of glycidyl methacrylate (GMA) onto the pre-
coated porous silica particles. 10 w/iv% of GMA was
emulsified with 1.0 w/v% of Tween 20 in the pure water. The
porous silica and the GMA emulsion solution were put into
a polyethylene bag and irradiated with 100 kGy by electron
beams (2 MeV and 3 mA) simultaneously. The graft ratio of
GMA was 49%. The obtained GMA-grafted silica particle
was reacted in a 0.5 mol/L IDA solution (water:ethanol = 1:1
w/v%) at 343 K for 12 h to introduce the IDA functions. The
amount of IDA was calculated by the weight increment of
before and after IDA reaction and was approximately 2
mmol/g.

To investigate the performance of the new IDA-type
adsorbent, the distribution of the surface of the adsorbent
and the amount of adsorbed Zr(IV) were measured by
micro Particle Induced X-ray Emission (PIXE) analysis. The
Micro-PIXE analysis was carried out at the light-ion
microbeam line connected to the 3 MeV single-ended
accelerator at TIARA. A beam spot size and an irradiation
area were 1x1 um? and 100x100 ym?, respectively. Energy
resolution of a detector used for the Micro-PIXE was 110-
220 eV at X-ray of 2.3 - 10.5 keV.

Figure 1 depicts the distribution of adsorbed Zr(1V) in the
vertical direction of the new IDA adsorbent. In order to
compare the change of Zr distribution with time (1~300 min),

the intensity of the Zr-Ka line was normalized with the
irradiated beam charge. Since the adsorbed Zr(IV) was
distributed homogeneously on the adsorbent even in 1 min
treatment, the introduced IDA was assumed to be efficiently
complex with Zr (V).

The amount of adsorbed material is known to be
proportionally correlated with the total Zr-Ka intensity
normalized with ion beam charge [2]. The amount of Zr(IV)
was calculated as follows;

Wzr = Cz / 14.59 (1)

Wzr: amount of adsorbed Zr [mg-Zr/g]
Czr: normalized Zr-Ka intensity [nC™']

Figure 2 shows the amount of adsorbed Zr estimated by
Eq. (1). Although the amount of adsorbed Zr(IV) from the
simulated spent solvent with the IDA-silica adsorbent was
approximately 1/10 of that from the 1M HNOs solution, the
amount of adsorbed Zr(IV) reached an adsorption
equilibrium in 1 to 30 min. The adsorption equilibrium of the
commercial chelate resin was approximately 60 min [2];
thus, the adsorption kinetics was improved by this study.
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Contamination of water by heavy metals is a serious
threat to human health and heavy metal adsorbents having
a high enough quantity of a chelate structure on the surface
are, therefore, in great demand. We developed a simplified
radiation-induced emulsion graft polymerization (SREG)
method without using gas/vacuum manifold [1]. The
method involves a convenient and easy degassing process
of a monomer solution using a commercially available
sealed glass jar. A loaded weight on the lid of the jar was
used to control the jar’s internal pressure as the degassing
of the monomer solution took place using a vacuum pump.
The SREG method satisfies the grafting degree due to the
easier irradiation at low absorbed doses that is expected to
be applicable to the fabrication of heavy metal adsorbents.
Its viability in synthesizing an appropriate heavy metal
adsorbent was examined.

After gamma-ray irradiation of the polyethylene/
polypropylene (PE/PP) fabric at a dose of 5 kGy, glycidyl
methacrylate (GMA) was grafted onto the PE/PP fabric to
produce PE/PP-g-GMA fabric using the SREG method (Dg
=72%). After the graft polymerization, the epoxy group of
the GMA graft side-chain of the PE/PP fabric was converted
to a disodium iminodiacetate (IDA) group to form PE/PP-g-
GMA-IDA fabric. The IDA functional group is known to
remove various kinds of heavy metals including Co(ll) from
wastewaters, and has been widely used as a commercial
adsorbent. To introduce the groups onto PE/PP-g-GMA, the
PE/PP-g-GMA fabrics were treated with 0.5 M IDAin a 1:1
v/v ethanol/water solution at 70 °C for 24 h. To confirm
introducing the IDA group, PE/PP-g-GMA and PE/PP-g-
GMA-IDA fabrics were characterized using FTIR-ATR (Fig.
1). The IDA group density and conversion were 1.6 mmol/g
and 74%, respectively. In previous studies, the IDA group
density of the adsorbent was mainly between 0.7 and 3.2
mmol/g, depending on the grafting degree and conversion.
The SREG method at low absorbed doses was expected to
be useful to fabricate heavy metal adsorbent. The
adsorption ability of the PE/PP-g-GMA-IDA fabric was
evaluated using the batch adsorption test. The Cobalt (Il)
ion was chosen as a model of a harmful heavy metal ion.
Once Cobalt (Il) was adsorbed by the PE/PP-g-GMA-IDA
fabric, the remaining concentration of Cobalt (ll) ion was
determined using an inductivity coupled plasma optical
emission spectrometer (Fig. 2). The initial concentration of
the Cobalt (1) ion was 50 ppm, and the color of the solution
was light pink. Over time, the color of the light pink solution
became gradually lighter, and the Cobalt (II) concentration
reached the limit of detection within 6 h. This result
indicates that the PE/PP-g-GMA-IDA fabric had enough
adsorption ability to essentially remove Cobalt () from a

highly concentrated Cobalt (1) solution.
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Fig. 1. FTIR-ATR spectra of the PE/PP, GMA-g-PE/PP, and IDA-
GMA-g-PE/PP fabric.
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Fig. 2. Cobalt concentration (10 ppm) decay in water during
adsorption of Cobalt (Il) on IDA-GMA-g-PE/PP non-woven fabric.

Recently, several studies about the grafting of functional
molecules on natural fibers have been reported, especially
in developing countries. The natural fibers need low
radiation doses because degradation of the cellulose, the
main component of natural fibers, can remain limited in this
range of radiation dose. The SREG method at a low dose
is expected to be useful in the developing countries, which
do not have high-dose-rate gamma-ray radiation or
expensive experimental equipment.
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Gadolinium (Gd) based contrast agents with low
molecular weight have been used for magnetic resonance
imaging (MRI) diagnosis but invade the patient brain leaky
blood-brain-barrier (BBB) partially [1]. Gd ions have toxicity
and are released from Gd based MRI contrast agent in the
patient brain due to biodegradation. U.S. Food and Drug
Administration has placed a warning on all of them [2]. To
ensure rapid renal excretion without invading the brain, the
use of nanoparticles having 1 to 20 nm diameter is
proposed as a safe MRI contrast agent [3-4]. This study
proposes the use of the radiation crosslinking method for
the production of nanoparticles made of natural polymers
for MRI contrast agents. Gelatin which is biocompatible,
non-toxic, and biodegradable was selected as a base
material for the nanoparticle. The superiority of the radiation
crosslinking method was investigated by comparing the
number of Gd labeling reaction sites of radiation- and
chemically- crosslinked gel.

A type of high molecular weight gelatin (Mw=1.5x 10%)
was dissolved at 0.1 wt.% in Millipore Milli-Q water under
nitrogen, oxygen, and air saturated conditions. The sample
solutions were irradiated with y-rays from 6°Co y-sources at
0-50 °C in the dose range of 5-20 kGy (Gy=J kg™') at the
dose rate ranging between 0.5-10 kGy h" at TARRI, QST.
Chemically-crosslinked gelatin was synthesized using
glutaraldehyde as a reference in chemical analysis. Particle
size and zeta potential of the gelatin nanoparticles collected
with an ultrafiltration unit were measured by a dynamic light
scattering system. Radiation- and chemically- crosslinked
gelatin gels were washed and vacuum-dried at 30 °C for 24
h. The dried samples were hydrolyzed in 6 mol dm
hydrochloric acid at 110 °C for 21 h with Pico-tag
workstation. The hydrolysates of the gelatin gels were
labeled with a fluorescent agent (4-fluoro-7-nitrobenzo-
furazan) to enhance detection sensitivity. HPLC with a
fluorescence detector was used to analyze labeled
samples.

Gelatin nanoparticle was produced by y-ray irradiation
under controlled conditions of dose, dose rate, dissolved
oxygen concentration, initial concentration, and
temperature. The gelatin solution was irradiated with 5 kGy
y-rays (dose rate: 10 kGy/h) under the aerated condition at
25 °C to produce gelatin nanoparticles with an average
particle size of 20 nm, which is a suitable size for safe MRI
contrast agents. The nanoparticle has positive surface
potential at 7.8 mV comparable to the zeta potential of the
standard polystyrene nanoparticle at 1.8 mV, preventing
aggregation of the nanoparticles during the long-term
storage of 30 days.

Radiation- and chemically-crosslinked gelatin gels with
a similar elastic modulus at around 5 x 10° Pa were
synthesized and analyzed for their amino acid
compositions. Tyrosine and phenylalanine which have
higher reactivity with hydroxyl radicals from water
molecules decreased by the irradiation though other amino
acids showed less degradation. The consumption rate of
lysine which has an amino group by the radiation was just
5 %, while that in the chemically crosslinking method was
18 %. This result indicates that radiation-crosslinked gelatin
gel can combine more efficiently with ligand derivatives
using an amino group which is a great advantage of the
radiation crosslinking method for highly sensitive MRI
contrast agent production. 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
mono-N-hydroxysuccinimide ester and DOTA-butylamine
which have high reactivities with amino and carboxyl
groups were used as a Gd ligand derivative to produce Gd
coordinated gelatin nanoparticle (GdAGN). GdGN in water
was directly observed by a 200 keV transmission electron
microscope with a liquid microscopy cell and the particle
diameter of GAGN was found to be 20 nm or less as shown
in Fig. 1, which was similar to that obtained by the dynamic
light scattering system. The average particle size of GAGN
remained almost the same as that before labeling with Gd
complex, and GAGN has the potential of practical use of
MRI contrast agents.

. 200 .nm.

Fig. 1. TEM photographs of Gd coordinafed gelatin nanoparticles
produced by radiation crosslinking method.
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Super water absorbents (SWA) can absorb a very large
amount of water (many hundred times their dry weight) and
retain it even under pressure. They are synthesized by
crosslinking highly hydrophilic macromolecules. SWA are
used in a wide variety of applications such as disposable
absorbents, in agriculture, and other fields where water
absorption is needed. As soil water retainers or soil
conditioners, SWA have been developed to improve the
physical properties of soil in view of (a) increasing water-
holding capacity, (b) increasing water use efficiency, and (c)
increasing plant performance [1].

Formulation and preparation of starch/polyacrylate
(PAAc) hydrogel were adapted from the “FNCA Guideline
on development of hydrogel and oligosaccharides by
radiation” [2]. Cassava starch (10% w/w) was gelatinized in
hot water (heat gelatinization) or in alkali solution at room
temperature (alkali gelatinization). In the heat gelatinization,
acrylate (AAc, 20% w/w) was partially neutralized with
potassium hydroxide (38% degree of neutralization, DN)
before adding to the starch. In the alkali gelatinization,
starch was first dispersed in potassium hydroxide solution
(equivalent to 38% DN) at room temperature until it became
viscous. AAc (20% w/w) was then added to the mixture and
stirred for 30 min. Additional gels were prepared using the
heat gelatinization with 20% AAc (50% DN using sodium
hydroxide) and 3% starch, and with 15% AAc (75% DN
using sodium hydroxide) and 0—-15% starch.

Hydrogel formulations were poured into plastic pouches,
sealed, and gamma-irradiated at the irradiation facility
doses of 15—45 kGy at a dose rate of 0.5 kGy/h in Philippine
Nuclear Research Institute. The gamma-irradiated
polysaccharides were prepared at the cobalt-60 gamma-
irradiation facility of TARRI, QST. The resultant gels were
cut into cubes, air-dried, and oven-dried at 50 °C for 24 h.
Samples were further ground to granules (1-3 mm) for
evaluations of swelling kinetics, biodegradation, and soil-
water retention.

Gel fraction, degree of swelling, and gel strength were
all significantly higher in the alkali gelatinization, especially
at doses of 20-25 kGy. The heat gelatinization involves the
thermal disordering of crystalline structures in native starch
granules. Once heated over its gelatinization temperature,
typically between 57-65 °C, hydrogen bonding of starch
molecules is disrupted, and water molecules become
attached to their hydroxyl groups which leads to greater
swelling and dissolution. On the other hand, in alkali
treatment, the base ions disrupt the hydrogen bonding by
deprotonation accompanied by some physico-chemical

changes on the starch structure. Because of ionic
interactions and transformations, alkali treatment seemed
to be more effective in the gelatinization process and
yielded better results than the simple heat gelatinization.

Biodegradability, which is a desired characteristic of
SWA, is the ability of a material to be converted into carbon
dioxide through the action of microorganisms such as
bacteria, fungi, and algae. Despite the impressive
characteristics of polyacrylate SWA, its low biodegradability,
typically less than 1% rate of degradation in soil per six
months, has been a significant setback in its utilization.
Among the SWA tested, the starch/PAAc hydrogel had the
highest biodegradability with a rate of 42% in 85 days.

Based on these data, the starch/PAAc hydrogel appears
to be an ideal SWA material for agriculture due to its
biodegradability. The soil water retention properties of the
starch/PAAc hydrogel were also characterized at different
application rates (applied as dried granules) in sandy soil.
As expected, the water holding capacity of soil was found
to increase with the concentration of the hydrogel. The
starch/PAAc hydrogel can increase the water content to 48,
61, 76 and 92% with the addition of 0.25, 0.50, 0.75 and
1.0% hydrogel, respectively. The water content of the
control (without hydrogel) was 38%. In the soil with 1.0%
hydrogel, the amount of water was 50% even after 16 days
while soil with 0.75% and 0.5% hydrogel had only 25% and
18% retention, respectively. For the soil without hydrogel
and with 0.25% hydrogel, almost no water was present in
soil after 16 days. Thus, the application rate of the hydrogel
in the range of 0.5—1.0% could be effective for the soil water
retention [3].

Starch/PAAc hydrogel appears to be a promising SWA
material for agriculture due to its biodegradability and water
retention performance as the soil water retainers.
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Preparation of Radiation and Heat Resistant Elastomer

and Construction of System for Evaluation of Heat
Resistance
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Since the Fukushima Daiichi Nuclear Power Station
accident, the prevention of containment damage as one of
the measures against severe accidents has been
enhanced among the new regulatory requirements for light
water reactors in power generation in Japan. Especially,
static sealing elastomer material of top head flange and
equipment hatch is required to have radiation-resistance of
0.8 MGy and heat-resistance at 250 °C. Therefore, we
developed new elastomer having heat and radiation
resistance applied for static sealing material and also
metrology of heat and radiation resistances with steam for
evaluation.

The fluorine containing elastomers are used as a base
material. The three types of samples were prepared by
compounding with predetermined concentrations of various
additives as a crosslinker, inorganic substances, plasticizer,
using mixing roll at 50 ~ 60 °C. Then each sample was
pressed in a hot press at 160 °C to form a sheet (100 mm
x 120 mm, 0.5 mm thickness) and then irradiated with
electron beams (EB) at doses of 120 - 200 kGy using a
Cockcroft-Walton type 2 MeV electron accelerator at TARRI,
QST. After EB-irradiation, the crosslinked sample sheets
were cut into a dumbbell shape (ISO / ASTMD-1822-L
standards). To evaluate crosslinking behavior of the sample,
gel contents of the crosslinked samples were estimated by
weighting the insoluble part of the crosslinked sheets after
immersion in tetrahydrofuran for 8 hours at boiling
temperature.

The evaluation was conducted by a sequential method
combining gamma irradiation and a heat treatment.
Irradiation was performed by Co-60 gamma-ray up to about
1 MGy at room temperature (RT) in air. And then the
samples were aged in a vessel through continuous steam
in an air oven which was kept at 250 °C + 1.5 °C using the
equipment constructed as shown in Figure 1. In the vessel,
test pieces not only for a tensile test but also for
compression set test can be installed as shown in Figure 2.
After aging, the tensile test was performed using Strograph
VE5D (Toyo Seiki Seisaku-sho, Ltd., Japan) with a
crosshead speed of 200 mm/min at RT.

Fluorine containing elastomer as a base material has
excellent heat resistant property at 200 °C among
elastomers[1,2]. Even after the sequential treatment both
gamma irradiation of 1 MGy and steaming at 250 °C for 168
hours, the produced sample did not change in appearance
or shape, and retained elasticity. The gel fraction of the

Steam
(outside) Temperature
AA Air Oven Controller

@ Treatmenttime : 168 hours
@ Temperature : 250°C £ 1.5°C

Pump

Water
(inside)

Fig. 1. Continuous steaming system for evaluation of heat
resistance.

elastomer did not change
before and after the
sequential treatment. In the
results of the tensile test,
there was almost no change
in mechanical properties
(breaking strength,
elongation at break, elastic
modulus) due to the steam
treatment. However, when
combined with gamma-ray
irradiation, the elongation at
break reduced to 1/5 of that
of the untreated sample,
and the breaking strength
was about 1.8 times larger.
This research is in progress
to the molding of o-ring with
the produced compounds
and the evaluation of them
for application to static sealing materials.

Fig. 2. Vessel (left) and
electron beam crosslinked
elastomers (right) for the
tensile test.
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Decommissioning of TEPCO Fukushima Daiichi nuclear
power plant (F1-NPP) is needed, where molten fuel debris
might be submerged in water. To obtain information inside
the reactor core, remote inspection technique in narrow
space is required. A fiber-optic probe laser-induced
breakdown spectroscopy (LIBS) is considered one of the
promising methods for remote inspection [1]. Giant-pulse
microchip laser (MCL) is compact with high peak power of
MW level, and since the feature is suitable for LIBS
application, it was applied to remote LIBS system, where
MCL is set close to the target and bright plasma is
generated by direct laser irradiation. Based on the
developed system, effective remote inspection is expected
[2]. However, radiation effects to the system needs to be
investigated considering its operation in the radiation
environment. In the previous annual report, we reported
that the laser output decreased by the increase of radiation
dose rate of gamma ray. This time, the laser beam profiles
of the developed system were measured, and the
influences of high dose irradiation were investigated with
gamma ray up to 10* Gy/h.

Radiation effects were measured for a monolithic
Nd:YAG/Cr:YAG composite ceramics (Konoshima
Chemical Inc.), where Nd:YAG is a gain medium and
Cr:YAG is a saturable absorber. The YAG composite was
set in a holder in an irradiation area at the gamma
irradiation facility number-1. The composite was irradiated
with gamma ray using ¢°Co source. In this experiment, dose
rate was increased step by step from 0 to 104 Gy/h by
approaching the composite to the radiation source. Laser
beam profile was measured with a beam profiler
(Beamage-4M; sensor size - 11.3 x 11.3 mm?; Gentec-EO,
Canada). The profiler was set inside of the radiation area at
approximately 110 cm from the composite exit, where the
profiler was surrounded by walls of lead blocks for radiation
shield except a hole left for laser beam introduction.

The far field beam quality was evaluated using the
profiler. Figure 1(a) shows the 3D profile before irradiation
(0 kGy/h) for the pump diode laser (LD) current of 70 A and
LD duration of 100 ps, showing well approximated
Gaussian beam profile. Figure 1 (b) shows a profile during
irradiation (10 kG/h) for the LD current of 70 A and LD
duration of 170 ps. The intensity of the profile reduced
considerably due to the reduced laser intensity. Figure 1 (c)
compares the corresponding lateral intensity plots before

(0; 0 kGy/h) and during irradiation (10; 10 kGy/h), where
intensity of the plots was normalized. Before irradiation,
profile exhibits a close approximation to TEM0OO Gaussian
profile. By the irradiation, although the profile became noisy,
it was still well approximated by the Gaussian profile. The
relative FWHM width of the beam profile was estimated
from the fitted curve as a ratio to that without radiation as a
function of the dose rate. The beam width increased at high
dose rate as shown in Fig. 1(d). The result provides an
important information for laser applications in harsh
environments.
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Fig. 1. The 3D beam profile for the dose rate of 0 (a) and 10 kGy/h
(b) for 11.3 mm square area; (c) experimental and fitted lateral
intensity distributions; (d) estimated FWHM width as a function of
the dose rate.
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Silicon carbide (SiC) has been reported to be wide-band-
gap semiconducting materials for high temperature and
high power use and high temperature structural materials.
On the other hand, it is well known that one-dimensional
nanomaterials, such as nanowires, nanorods and
nanotubes possess new properties different from those of
bulk materials. So far, we have succeeded in synthesizing
polycrystalline single-phase SiC nanotubes and C-SiC
coaxial nanotubes, in which multi-walled carbon nanotubes
(MWCNTSs) were sheathed with a SiC layer [1, 2]. We have
also reported that in-situ transmission electron microscopy
(TEM) was used to observe the microstructural
developments of single-phase SiC nanotubes under ion
irradiation, and the results are significantly different from
those of bulk SiC [3]. Therefore, the novel microstructural
change of C-SiC coaxial nanotubes by ion irradiation is
expected. In this study, we reported the novel
microstructural development of C-SiC coaxial nanotubes
under the ion irradiation using in-situ TEM observation
technique.

Carbon nanotubes (GSI Creos Corporation, Tokyo,
Japan) were used as the template. The C-SiC coaxial
nanotubes were synthesized by heating MWCNTs with Si
powder (The Nilaco Corporation, Tokyo, Japan) at 1,200 °C
for 100 h in a vacuum. The samples heated at the above
conditions included many unreacted MWCNTSs besides the
C-SiC coaxial nanotubes. Therefore, the samples were
then heated at 700 °C for 2 h in air in order to remove
unreacted MWCNTs. The molybdenum grid holder, which
deposited the C-SiC coaxial nanotubes, were irradiated
with 200 keV Si* ions from 400 kV ion implanter at room
temperature in TEM (Model JEM-4000FX, JEOL Ltd.,
Japan). In-situ TEM observation of C-SiC coaxial nanotube
under Si* ions irradiation was carried out. The ion fluence
was up to 9.1 x 102 jons/m?, and the corresponding
irradiation damages for the SiC and carbon layer in C-SiC
coaxial nanotubes were calculated by SRIM 2008 to be
23.8 and 22.3 dpa respectively.

Figure 1 shows the typical TEM images and selected
area electron diffraction (SAED) pattern of the C-SiC
coaxial nanotube after the irradiation with 200 keV Si* ions
at room temperature. The results of TEM observation
indicate that the carbon layer in the C-SiC coaxial nanotube
was confirmed to have remained crystalline after the
irradiation despite the complete amorphization of SiC
crystals. Therefore, the carbon layer possessed better
resistance against amorphization after ion irradiation,
compared with the SiC layer in the C-SiC coaxial nanotube.
Such an outcome is however not consistent with many

previous works. In addition, new graphitic shells
perpendicular to the nanotube length direction suddenly
emerged after ion irradiation in the C-SiC coaxial nanotube.
The TEM images and SAED pattern reveal that a
successful synthesis of a new structured hybrid carbon
nanomaterial was achieved for the first time, which
consisted of one-dimensionally stacked graphene nano-
disks with diameter less than 50 nm, and cylindrical
MWCNTs, inside an amorphous SiC nanotube. lon
irradiation of C-SiC coaxial nanotubes therefore constitutes
one of the new synthetic processes for making new
structured carbon nanomaterials [4].
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Fig. 1. Typical TEM images and SAED pattern of the C-SiC coaxial
nanotube after irradiation with 200 keV Si* ions. (a) A low
magnification TEM image, (b) high resolution TEM images of the
nanotube’s outer part, (c) middle part and (d) SAED pattern.
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Polymer electrolyte membrane (PEM) fuel cell is a
promising clean energy conversion system to generate
electricity from hydrogen. The critical component of the fuel
cell is a PEM that transports H* from the anode to the
cathode. The higher the proton conductivity of the PEM is,
the higher the output power of the fuel cell is. In general,
however, highly-conductive PEMs tend to excessively
absorb water under a highly-humid condition, which
sometimes deteriorates mechanical strength. Accordingly,
much effort has been globally devoted to create the novel
PEMs with high conductivity and low water uptake, which
seem to be a tradeoff relationship.

QST has developed the fuel cell PEMs by a radiation-
induced grafting method. This method involves the grafting
of styrene or other monomers to irradiated base polymer
films, and consecutive chemical reactions to introduce
sulfonic acid groups. The obtained graft-type PEMs are
composed of the base polymer and poly(styrene sulfonic
acid) graft chains. Various types of base polymers can be
selected, and the amount of sulfonic acid groups can be
varied in a wide range.

Quite recently, we launched a new project to predict the
properties of the graft-type functional polymer materials by
machine learning methods. We paid attention to the above-
mentioned tradeoff relationship between the proton
conductivity and water uptake, and thus defined the
following F parameter as a target property:

F(mS/cm) = proton conductivity / A,

where L is the number of water molecules per one sulfonic
acid group. A high F value means the overcome of the
tradeoff relationship to increase proton conductivity even in
a water-poor condition. Figure 1 shows the F of the graft-
type PEMs as a function of the ion exchange density (IED),
the amount of sulfonic acid groups per volume of a dried
PEM. As a general trend, the F increased with increasing
IED. However, the F values varied largely even at the same
IED, probably depending on the types of base polymers,
which cannot be explained so far.

In this study, we tried to predict the F by using a random
forest (RF) method, one of the major machine learning
techniques. For the RF prediction, the following 12
variables were used: 1 IED; 2 Density; 3 Permittivity; 4
Young'’s modulus; 5 Crystallinity; 6 Dipole moment; 7 Polar
surface area ratio; 8 Water/octanol partition coefficient; 9
Molecular weight; 10 Formation energy; 11 Energy of
highest occupied molecular orbital (HOMO); and 12 Lowest
unoccupied molecular orbital (LUMO) (2-12 are the

physical and chemical properties of the base polymer films).

Variables 2-4 were taken from the film catalogues, Variable
5 was measured by differential scanning calorimetry, and
Variables 6-12 were calculated by an ab initio molecular
orbital method (wB97X-D/6-31G*). The experimental data
was randomly divided into training data (70%) and test data
(30%) for RF modeling and prediction performance
evaluation, respectively.

Figure 2 (Left) shows the relationship between the
predicted and actual values of the F. The root mean square
displacement (RMSD) was calculated to be 0.583 and
0.962 mS/cm for the training and test data, respectively.
The prediction accuracy of the RF model was enough high.
Figure 2 (Right) shows the variable importance, the degree
of contribution to prediction accuracy, calculated by a
permutation method. As expected, the IED exhibited the
highest importance. The crystallinity was found to be the
second important variable. The low-crystallinity base film
may enhance the connectivity of the ion channels for proton
transport, thereby increasing the proton conductivity.
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Fig. 1. The relationship between the F and IED for the graft-type
PEMs prepared from various base polymers.
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The Registration, Evaluation, Authorisation and
Restriction of Chemical (REACH) legislation in the
European Union (EU) will apply to the manufacture and
sales of pentadecafluorooctanoic acid (C7F1sCOOH,
PFOA)-containing products in the EU from July 4, 2020;
hence it is necessary to reduce PFOA contamination to less
than 25 ppb and that of PFOA-related compounds to less
than 1000 ppb [1]. Low molecular weight PTFE micro-
powder is produced industrially by the chain scission of its
polymerized powder or molded scraps induced by ionized
radiation in air. There is a problem that PFOA is generated
in this molecular weight reduction process and the content
is 25 ppb or more [2]. Up to now, as a method of removing
PFOA in a product, it is known that a method of volatilizing
and removing PFOA generated by irradiation. Since the
REACH regulation does not allow PFOA to be produced
intentionally or unintentionally, such heat removal is not
possible in the industry. In this study, we investigated the
mass production method of low molecular weight PTFE that
suppresses PFOA generation in the irradiation process
below the detection limit.

Homopolymerized PTFE fine powder was used in the
experiments. PTFE powder was sealed in a 18 mm-
diameter glass ampoule for product analysis (10.0+£1.0 g)
after evacuation to less than 4.0 X 102 Pa for 24 h and y-
rays irradiation was carried out at room temperature under
vacuum and atmospheric conditions in 6 cell at TARRI.
After irradiation, the melt viscosity was evaluated with a
capillary rheometer. Furthermore, the emitted PFOA from
irradiated PTFE was evaluated by LC-MS.

Table 1 shows the oxygen concentration in the system
during y-rays irradiation, the absorbed dose, and the PFOA
content and melt viscosity of the obtained low molecular
weight PTFE. It can be seen that production of PFOA by

Table 1

Amount of emitted PFOA and melt viscosity. y-rays irradiation was
carried out at 297 K under vacuum. Thermal treatment was
demonstrated at 297 K and 423 K under vacuum during 24 h.

irradiation can be suppressed below the detection limit by
reducing the oxygen concentration during irradiation.
However, at around 150 kGy, it is higher than the melt
viscosity (15x 103 Pa-s to 10 x 10* Pa-s) obtained by the
conventional method, and more irradiation is required to
obtain the same melt viscosity as the conventional product.
When the dose was set to 400 kGy under oxygen-free,
which was more than twice the conventional dose, the melt
viscosity could be in the same range as conventional
products. In the case of irradiation under oxgen-free,
chain scission is suppressed more than in air, as reported
previously [3]. Therfore, it was found that low molecular
weight PTFE having a PFOA content of REACH regulation
or less can be obtained by y-rays irradiation and heat
treatment in the absence of oxygen in lab-scale.

Based on the mention above experimental results, we
examined the industrial mass production process. 11 kg of
PTFE fine powder was placed in polymer bag and then
evacuated. The sample was irradiated with a dose of 400
kGy by y-rays at an oxygen concentration of 100 ppm or
less, with subsequent heat treatment performed at 423+5
K for 20 h in the same atmosphere. As a result of confirming
the amount of residual PFOA at each site in 11 kg of PTFE
after irradiation, PFOA at each site was below the detection
limit value of 5 ppb or less. That is, we were able to
establish an industrial mass production process that
cleared the REACH regulation.
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Introduction

The ITER blanket remote handling system (BRHS) will
replace the first wall panels in a radiation environment
having a dose rate of 250 Gy/h to 500 Gy/h. The ITER
requirement for radiation hardness is 1 MGy for all BRHS
components, however, 5 MGy was set as the target value
to increase the availability of the system. In this study,
maraging steels for wrenches for FW/SB bolts and AC
servo motors were investigated.
Results

Maraging steel (YAG300, with and without nitriding
treatment) samples (30 mm x 30 mm x 5 mm,) were
irradiated at 1850 Gy/h up to 0.4 MGy then 1 MGy. The
atmosphere around the samples was kept at 40 °C and
31.6% relative humidity by thermostatic chamber and by
MgCl: saturated salt solution. Photos of the samples before
and after y-ray irradiation are shown in Table 1. Corrosion
was observed on all samples after irradiation. Hydroxide
compounds detected on the corroded samples suggest that
the corrosion was enhanced by a combination of moisture
around the samples and y rays, as was observed in
previous tests [1], however, in this study, SEM-EDX
analysis detected less chlorine than oxygen in all the
irradiated samples (Table 2). Thus, although humidity is
considered to be a dominant factor contributing to corrosion,
the effects of the MgCl2 used in the saturated salt method
to control relative humidity cannot be dismissed.

The BRHS will be driven by AC servo motors, the failure
of which would severely impact the maintenance plan of the
blanket modules. These AC servo motors were made by
replacing generic parts with radiation hard parts [2]. These
modified motors have been irradiated at a gamma ray
irradiation facility where a radiation hardness of 8 MGy was
confirmed [2], however, the motors were irradiated in static
conditions only. In this study, we actively operated servo
motors in a radiation environment to simulate the actual
conditions in the ITER vacuum vessel. In previous tests [2],
conduction resistance increased at 1 MGy because rubber
clamps degraded and became loose. The motor cables
have since been directly connected to the body without

Table 1
Maraging steel samples before and after irradiation.

using rubber, which is expected to improve the electrical
characteristics of the system. Two types of improved
motors having different rated output powers were tested
(four motors total: 400W_1, 400W_2, 60W_1, and 60W_2).
These motors were operated for alternating 30-minute
intervals of operation and stoppage over the course of five
days, under radiation of 410 Gy/h to 560 Gy/h (at night the
motors were only irradiated and not operated). After five
days, verification tests were performed to measure
conduction resistance, insulation resistance, and withstand
voltage, the acceptance criteria of which are 0.5 Q or less,
10 MQ or more, and 5 mA or less, respectively. The servo
motors were actively operated and were irradiated up to
0.1 MGy, then 0.3 MGy, and 0.7 MGy. All motors operated
without error, and all values of the verification tests satisfied
the acceptance criteria .
Conclusion

Corrosion was observed on all maraging steel samples
after irradiation up to 1 MGy in an environment having a
relative humidity of 31.6%. Irradiation tests for maraging
steel using non-chlorine (i.e., non-halogen) test reagents
are planned to determine if chlorine from the MgCl2
saturated solution is a contributing factor (humidity value
cannot be the same as the tests using MgCl2 because a
different reagent will be used). The AC servo motors were
confirmed to operate in a radiation environment of up to
0.7 MGy. We anticipate servo motor acceptance criteria
being satisfied even above 1 MGy and are planning to
continue these irradiation tests up to 5 MGy.
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Study on Fusion Neutron Irradiation Effects Using

Multiple lon-Beam Irradiation

D. Hamaguchi, M. Ando, H. Kurotaki, T. Nozawa

Department of Fusion Reactor Materials Research, RFIl, QST

Reduced activation ferritic/martensitic steels (RAFMs)
such as F82H and Eurofer97 are candidates for the
blanket structural material for DEMO fusion reactors.
Extensive work has shown the neutron irradiation effects in
RAFMs but there still remains a lot of uncertainty on details
of fusion neutron effects. One of the irradiation features for
the blanket structure material is the high-dose and
high-energy neutron irradiation that leads to an
accumulation of displacement damage along with high
levels of He and H production. One of the difficulties in
predicting details of the development of this damage under
fusion conditions is the lack of neutron irradiation facilities
that produce irradiation conditions similar to the fusion
reactor environment. Therefore, our approach is to
develop information on particular events that are a specific
part of the response under fusion neutron irradiation. We
do this using existing irradiation facilities. Recently, we
have conducted a series of ion irradiation experiments of
RAFMs in the temperature ranged 300 to 500 "C for doses
ranged from 20 to 80 dpa. These irradiations were mainly
conducted at TIARA complex ion-beam irradiation facility
using Fe® ions with or without He* and H*
co-implantations. We have started post-irradiation
examination (PIE) to collect information on dose and
temperature dependence of void swelling along with
irradiation hardening in this temperature and dose range.

The materials used in this study were F82H variants
(IEA, Mod3, BA07, BA12 heats) and Eurofer97. The
irradiations were carried out with 10.5 MeV Fe3* ions plus
0.38 MeV H* and/or 1.05 MeV He* ions. In multiple
ion-beam irradiation, He and H implantation rate were fixed
to be 10 and 40 appm/dpa, respectively.

Figure 1 shows the irradiation matrix achieved so far
during the series of irradiation campaign using TIARA
facility up to 2019. Extensive irradiation experiments have
been conducted in the temperature range 300 to 500 °C.
The irradiation matrix is mostly fulfilled for single/duall/triple
beam irradiation with the doses in 20 dpa incremental
steps up to 80dpa. On the other hand, the data points
within these matrixes will be achieved against only each
one irradiation condition (n = 1) and therefore, the
irradiation tests will be continued to acquire another set of
data for same irradiation condition (n=2---) to increase
data accuracy. Also, the PIE campaign has been started
and part of the irradiation hardening behavior and
microstructure evaluation data has been obtained.

Figure 2a shows the hardness changes of F82H-IEA
obtained by micro-indentation hardness tests in
temperature range from 400 to 450 °C [1]. Here, clear
hardenings by Fe-ion irradiation were seen only below

430 °C. On the other hand, although clear effect of He
co-implantation was not seen at above 450 °C, there
shows higher hardening below 430 °C and did not saturate
with doses. This may be due to a formation of tiny He
bubbles since the bubbles start to become larger above
450 °C, which was confirmed by microstructure
observations.

Figure 2b shows examples of the maximum stress
results obtained by micro-tensile testing for these
conditions (single and dual-irradiation at 400 °C, up to 60
dpa). A little strength increase for dual-irradiated F82H was
also detected in the micro-tensile testing. These results
were almost in agreement with that of micro-indentation.
However, it was shown that the effect of helium on
irradiation hardening at 400 °C was also not strong in lath
matrix of F82H, significantly.

Finally, Broader approach (BA) activities Phase |l
program, which is JA-EU international collaboration,
started in 2020, and one of those tasks is the activity of
predicting the effect of fusion neutron irradiation on F82H
steel. The data obtained in this work will contribute greatly
as simulated irradiation data by multiple ion-beam

irradiation.
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Fig. 1. Irradiation matrix achieved so far during the series of
irradiation campaign using TIARA facility up to 2019.
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Fig. 2a. Hardness changes of F82H-IEA obtained by
micro-indentation hardness results [1]. Lines indicate the
irradiation hardening trend for Fe single-beam irradiation.

Fig. 2b. Examples of the maximum stress results obtained by
micro-tensile testina for 400 °C, 60dpa.
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Effects of Self-lon Irradiation on Microstructure

in Pure Tungsten
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Considering the manufacturing capability, uniformity, and
reproductivity, powder metallurgically (PM) processed hot
rolled tungsten (W) is considered as divertor tile materials.
The low temperature and grain boundary embrittlement
caused by the recrystallization of the PM-W are important to
maintain the soundness of the cooling performance and the
structures of the divertor components. Fine grain structure
as a result of hot-rolling and removal of elastic strain using
stress-relieved (SR) heat treatment are beneficial in both
improving low temperature embrittlement and strengthening
[1]. Especially, SR-pure W with a lamella-like layered grain
structure induced through the rolling process may enhance
the resistance of embrittlement. Dislocation in a grain is
also considered as the sink of point defects introduced by
neutron irradiation. This study aims to investigate the
effects of self-ion irradiation on pure W.

The original material was a PM processed pure W, which
was hot-rolled and heat-treated with SR at 900 °C for 20
min. The pure W specimens examined in this work were
carried out by final heat treatment at 1500 °C for 1 h for the
recrystallization (hereafter R-pure W). The self-ion
irradiation experiments were carried out at the irradiation
temperature of 800 °C with 18 MeV W®* ions by a tandem
accelerator. The nominal displacement damages stand for
the values at around 0.5 mm depth from the irradiated
surface was 0.5 dpa. The nominal damage rate was 1.0x%
10 dpals. The microstructures of irradiated region were
observed by TEM. Figure 1 shows bright and dark field of
R-pure W after irradiation. Dislocation loops were existed,
and no voids were observed. Figure 2 shows size

histograms of dislocation loops in R-Pure W after irradiation.

The mean size of the dislocation loops was approximately
5.2 nm. The number density of dislocation loops was 4.6 %
102" /m3. T. Hwang et al. [2] reported microstructure of
SR-pure W after self-ion irradiation. Dislocation loops were
also observed. However, the mean size of dislocation loops
in SR-pure W was 1.5 nm, which was smaller than that in
R-pure W. Further study is required in order to clarify the
mechanism.

In parallel, the effect of irradiation on hardness was
evaluated for three kinds of ITER-grade pure tungsten
(IGW) with different manufacturing processes, i.e., original
IGW, moderately cross-rolled CLW and highly cross-rolled
CHW [3]. 18 MeV W** ions were irradiated to the maximum
8 dpa at 500 and 800 °C. Nano -indentation tests were
conducted on irradiated surface of W. Figure 3 shows
indentation hardness, indicating irradiation temperature
dependence of saturation dose. For irradiation at 500 °C,

saturation of irradiation hardening was observed in the early
stage of irradiation (0.3 to 1.0 dpa). By contrast, for
irradiation at 800 °C, irradiation hardening was saturated at
3.4 dpa. The key mechanism for such difference will be
evaluated by following microstructural observation.
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Fig. 1. TEM images of R-pure W to 0.5 dpa at 800 °C.
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Fig. 2. Size histograms of dislocation loops in R-Pure W after
irradiation.
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Effects of Irradiation on Surface Electrical Resistivity of

High-Purity Silicon Carbide
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Department of Fusion Reactor Materials Research, RFI, QST

Silicon carbide (SiC) is a candidate material of liquid
metal breeding blanket for fusion, e.g., functional structure
of flow channel inserts for the dual cool blanket system [1].
To realize the liquid metal system, electrical insulation is a
key function of SiC. From the previous work by the authors
in 2018, it was found that the surface electrical resistance
was degraded by irradiation, i.e., radiation-induced
electrical degradation (RIED)-like behavior. However,
knowledge about the key mechanism of such electrical
degradation is still insufficient. This study therefore aims to
evaluate the effects of irradiation on surface electrical
resistivity.

High-purity chemical vapor deposited (CVD) SiC disk
(43 mm x50 ym) was irradiated by single (6.0 MeV Si?*, 1.0
x 10 dpa/s), dual (single + 1.0 MeV He*, 130 appm/dpa)
and triple (dual + 340 keV H*, 40 appm/dpa) ion beams to
evaluate the effect of transmutation He/H atoms to simulate
fusion irradiation environment. The maximum dose was 31
dpa, which was the representative value calculated at the
depth of 1.3 ym from the irradiation surface by the SRIM
code, and irradiation temperature was ranged in about
600-1000 °C. Surface electrical resistivity was then
measured at room temperature by the two-probe guard ring
AC impedance method [2]. Besides, surface morphological
change was evaluated by X-ray photoelectron
spectroscopy (XPS).

Figure 1 shows the dose dependence of the surface
resistivity. By irradiation with doses of 10-15 dpa, slight
decrease of surface resistivity was identified, while, for the
high-dose irradiation case (25-31 dpa), considerable
reduction of the surface resistivity was marked by
irradiation at comparably higher irradiation temperatures (>
750 °C). In contrast, the surface resistivity tended to
decrease with increasing dose and irradiation temperature.

For both cases, the impact of He/H co-irradiation was minor.

Figure 2 shows chemical composition profiles before
and after self-ion (Si?*) irradiation, indicating no remarkable
change of silicon and carbon profiles by irradiation at
~800 °C. However, very slight increase of oxygen near the
surface was probable. The surface modification may affect
the surface resistivity of SiC.
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JADA (ITER Japan Domestic Agency) are developing
to procure five diagnostic systems, microfission chamber
(MFC), poloidal polarimeter (PoPola), Edge Thomson
Scattering (ETS), divertor impurity monitor (DIM) and
divertor infrared thermography (IRTh).

The reliability in the ITER radiation conditions of
relevant equipment to be installed in the vacuum vessel,
in the interspaces (IS) between the vacuum boundary and
the biological shield and in the port cells (PC) outside the
biological shields should be evaluated. In this study, we
launched gamma-ray irradiation experiments in QST
Takasaki Advanced Radiation Research Institute from
2018.

In the preliminary experiments, optical components on
DIM, IRTh and ETS were irradiated up to 10 MGy for IS
items or up to 200 kGy for PC items in 6th Cell at Co-60
2nd Building or 1st cell at Food irradiation Building and
observed their optical properties. For DIM items, lens and
some optical materials were verified [1], and then optical
fibres for transmission of collected light from plasma and
plasma faced metal mirrors are on-going to verify. For
IRTh items, change of transmittance by gamma-ray
irradiation for optical elements (CaF2, ZnSe, ZnS, Si, Ge
and K-GIR(Sumita Opt.)). For ETS items, laser-induced
damage threshold (LIDT) was experimentally investigated
for fused silica substrates with antireflection (AR) coatings
for high-power lasers and dielectric mirrors (both
compatible with two wavelengths of 1064 and 694 nm)
irradiated with up to 10 MGy.

Several interesting results were obtained in the
preliminary experiments. For DIM system, the designed
observing optical range is in the range between 200 and
1000 nm. In the range, the irradiation effects on optical
fibre transmittance are significant in the UV region of 200
— 400 nm. Several radiation resistant optical fibers have
been selected in previous experiments [1] and further
irradiation experiments are continuing to derive the
optimum materials. Introduce moist air when breaking
vacuum in ITER vacuum equipment, and then it is
necessary to evaluate the deterioration of metal mirrors by
gamma irradiation in humid environments. Molybdenum
specimen were irradiated with gamma ray under various
humidity environments to evaluate the reduce of
reflectance and morphology.

In IRTh system, no significant change in transmittance
was observed with gamma-ray irradiation up to 4.75 MGy
to the optical components except CaF2. However, a CaF2
sample showed a degradation in the transmittance around
the wavelength of 1.0 um at 100 kGy. On the other hand,

another sample showed no degradation in the
transmittance even when 4.75 MGy gamma-ray was
irradiated. Since impurity content in CaF2 may have
caused the variance.

In ETS system, so called N-on-1 test was applied to
compare hardness of AR-coated fused silica sample
against laser injection. Damage probability as a function
of energy density obtained through N-on-1 test is shown
in Fig. 1. LIDT of AR coating for 0° injections was more
likely higher for the irradiated samples at a wavelength of
1064 nm [2]. Regarding the dielectric mirrors, the
deterministic and fatal deterioration of the LIDT does not
occur by gamma-ray irradiation of up to 10 MGy [2].
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Evaluation of Radiation Tolerance of COTS Device

for Small Satellite
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In small satellite development, COTS (commercial off-the-shelf) devices are needed to be used due to some severe
restrictions of the resource for installed components. For this reason, it is important to keep reliability for using COTS
devices in small satellite development. Therefore, in order to ensure reliability for the small satellite, our company has
evaluated COTS devices mainly for tolerance of the single event at Takasaki Advanced Radiation Research Institute

(TARRI) since fiscal year 2008.
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Study on Hydrogen Generation from Cement Solidified

Samples Loading Low-level Radioactive Liquid Wastes at
Tokai Reprocessing Plant
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Cement solidification of Low-level radioactive Liquid
Wastes (LLWs) generated from Tokai reprocessing plant is
planned in Low-level radioactive Waste Treatment Facility
(LWTF). There are two kinds of LLWs, concentrated liquid
waste and phosphate liquid waste. In LWTF, the
concentrated liquid waste is categorized into “sodium
carbonate effluent” with low radioactivity and “slurry” with
comparatively high radioactivity by radionuclide separation
and nitric acid ion decomposition [1]. The sodium carbonate
effluent is planned to solidify with cement mixture, which
contain 70~90 wt% Blast Furnace Slag (BFS) and 10~30
wt% Ordinary Portland Cement (OPC). The slurry and
phosphate liquid waste are also planned to solidify with
‘Super Cement’, which is a commercial product of JGC
Holdings Corporation and is an alkali activated slag cement
with various minor additives.

It is known that G(H2) value of a cement solidified
product containing radionuclides varies with cement and
effluent composition. In this study, to obtain the G(H2) used
for safety design of LWTF, as in last year, we investigated
hydrogen generation from cement solidified samples
containing these effluents [2, 3].

Figure 1 shows an example of the irradiation samples.
The samples were prepared by mixing simulated liquid
waste and cement using the composition planned in LWTF,
then filled into a container ($13 mm x50 mmH) at 20 °C for
a month to 7 months. After curing, these samples were put
into a vial container (50 mL) one by one and were sealed
with rubber septum. These samples were irradiated by Co-
60 gamma-rays at about 2.5 kGy/h for 20 hours (shown in
Figure 2). After the gamma irradiation, concentration of
hydrogen gas generated in the vial was measured by gas
chromatography and G(H2) was calculated using blank
data measured previously.

As a result, the followings were clarified:

When the sodium carbonate effluent [Nitric acid radical
decomposition ratio 90%, (10% NaNOs remaining)] was
solidified with cement mixture (BFS/OPC=9/1 weight ratio,
hereinafter referred to as 9/1-cement), it became clear that
the G(Hz2) of the solidified product (water cement ratio
(WI/C): 0.75, salt packing ratio: 20 wt%) was about 0.02 to
0.03 n/100eV in each curing periods. From this result, it is
thought that G(H2) value of solidified carbonate solution
with the 9/1-cement becomes constant in about one month.
It was reported that G(Hz) value of solidified carbonate
solution with BC cement (BFS/OPC = 7/3 weight ratio)
became constant (0.03-0.04) in about one month [3]. So, it
is considered that G(H2) is not affected by the cement
composition;

When the slurry waste which contained NaNO3, NaNO,
NaHCOs, etc. as main components and Mg, Ni, Al, B, Fe,
Si, TBP, etc. as impurities was solidified with the Super
Cement, it became clear that the G(H2) value of the
solidified product (water cement ratio (W/C): 0.67, salt
packing ratio: 50 wt%) was about 0.03 to 0.04 n/100eV
which was as low as of the product of solidifying the sodium
carbonate effluent. In literature [4], it was reported that
G(H2) of high-level liquid waste containing a large amount
of nitrate was lower than that of pure water. From this result
it is considered that nitrate contained in the slurry waste and
sodium carbonate effluent reduce G(H2);

And when the phosphate liquid waste was solidified with
the Super Cement after insolubilizing of the phosphate
(NaH2PQ4) using calcium hydroxide (Ca(OH)2), it was
found that the G(H2) of the solidified product (W/C: 1.37,
salt filling rate: 14 wt%) was relatively low at 0.05 to 0.06
n/100eV. It is thought that insolubilized phosphate
(Cas(POa4)2) in the product reduces G(H2);

Sodium Carbonate Effluent
Solidified with 9/1-cement

Vial Container (50 mL)
Sealed with Rubber Septum
Fig. 1. Example of irradiation samples.
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Rastig: 3.1 — e
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Fig. 2. Status of sample irradiation by Co-60.
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The state of fuel debris and the decommissioning
method should be determined while estimating and
reducing potential risks to accelerate the decommissioning
of the Fukushima Daiichi Nuclear Power Plant, Tokyo
Electric Power Company Holdings, Inc. Focusing on
spontaneous fission neutrons emitted from submerged fuel
debris, we are developing a boron-coated diamond neutron
sensor readout system that operates in a high y-ray
environment, and underwater exploration device using a
Remotely Operated Vehicle (ROV) with a multi-phased
array sonar and a sub-bottom profiler (SBP) in
interdisciplinary research and development (High Energy
Accelerator Research Organization: KEK, National
Maritime Research Institute: NMRI, and National Institute
for Material Science: NIMS).

The irradiation evaluation of the key technologies
(signal-processing integrated circuit for the diamond
neutron sensor and acoustic exploration device mounted
on ROV) establishes radiation-resistant basic technologies
that support the decommissioning work by remote control.
The purpose of the irradiation study is to investigate the
total ionizing dose effect of y-rays on circuits and acoustic
exploration devices. As a wide range of applications can be
expected for signal-processing integrated circuits, the
absorbed dose targeted in the irradiation is set to be higher
than 1 MGy, which provides us the operating limit of CMOS
technologies.

Several transistors having normal structures and
radiation-resistant structures were manufactured, and the
static characteristics before and after y-ray irradiation were
investigated. The irradiation test was conducted at the y-ray
irradiation facility (Cobalt 1st Building, 2 cells) at TAARI,
QST. The transistor samples were irradiated with 6°Co v-
rays until the absorbed dose reached 6 MGy, under the
condition that could cause the largest damage to the
transistor during irradiation (drain—source voltage Vs =
gate—source voltage Vgs =drain voltage Vaa (1.2 V)) and
maintained current flow at room temperature.

Analog-to-digital conversion integrated circuits
(ADCs) and high-speed amplifier circuits developed using
the CMOS semiconductor process were also evaluated
after the y-ray irradiation. Typical operation conditions (bias
voltages/currents and external digital signals for ADC) were
maintained during the irradiation.

The irradiation effects on normal transistors with a long
gate length (L) were not observed at several megagray in
absorbed dose. We confirmed no performance

deterioration below 1 MGy even for the minimum size
transistors, but the static characteristics (lass—Vgs) varied
depending on the transistor size beyond 1 MGy. The slope
of the las—Vgs curve decreased beyond 1 MGy for small
transistors. It is caused by a decrease in the effective value
of the gate width (W) due to the trap charges generated by
y-ray irradiation around the gate. As this phenomenon
depends on the transistor structure near the gate, the effect
heavily depends on the CMOS process; hence, a detailed
evaluation is required in the future. Regarding the transistor
with a structure enhancing radiation resistance, good static
characteristics were observed even for a transistor with a
short L that has been irradiated with an absorbed dose up
to several megagray. It can be inferred that the effective
change in W caused by the y-ray irradiation is suppressed
by changing the transistor shape as described above.
Regarding the irradiation test of the integrated circuit,
the result of the successive approximation type 10 MHz
ADC (SAR ADC) showed no performance degradation after
y-ray irradiation of several megagray. The current
consumption of the power supply for the 1/O circuit
increased by 70 pA, but there was no change in the power
consumption of the other circuit blocks. In addition, we
determined the number of effective bits after irradiation to
be 9.06 bits, which shows that the integrated circuit can be
used as an ADC with 10 MHz 10-bit resolution. We also
confirmed similar characteristics for a 100 MHz ADC.

To summarize, regarding the radiation resistance of the
transistor, a transistor that can operate sufficiently up to 1
MGy can be manufactured via a commercial process by
thinning the oxide film. It was also demonstrated that a
transistor with a higher radiation resistance could be
manufactured by further improving the transistor structure.
We observed the deterioration of characteristics beyond 1
MGy for normal transistors with a short L and small W.
Further experiments are required to develop high-radiation-
resistive transistors. The proposed technology is
considered valuable for monitoring and control in a high-
radiation environment.
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Under Gamma-ray Irradiation
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Investigation of Dominant Factors Accelerating Corrosion

Radiation field makes corrosion of the materials (Zr,
SUS, etc.) accelerate. The number of ions generated by a
radiolysis of the water or the steam becomes important as
controlling factor of corrosion acceleration. In previous
model, the number of ions formed by gamma-ray radiation,
H*, OH-, O etc., are evaluated conventionally by a G value.
In the radiation field, corrosion of the materials is promoted
by these ions. However, the increase in corrosion rate at a
radiation field can't be explained sufficiently by the
evaluation from the G value. So, new corrosion model by
the excitation effect of the material's surface was proposed
as shown in Fig.1 [1]. When gamma-ray was applied to the
material surface, a large number of electrons are formed by
the photoelectric effect, Compton effect, pair production.
The electrons released from the material surface ionizes
the water or steam of the metal surface neighborhood. The
water or the steam in the vicinity of material surface is
irradiated by direct gamma-ray and the electrons emitted
from the metal surface. Therefore, more ions (H*, OH-, O-
etc.) are produced at the surface in comparison with a
distant place. It is considered that these ions make the
corrosion in the material surface promote. The objective of
our research is to clarify corrosion acceleration mechanism
of materials under the gamma-ray radiation field.

The irradiation was performed at the gamma-ray
irradiation facility of Takasaki Advanced Radiation
Research Institute of QST. The ®°Co gamma-ray absorbed
dose rate is 10 kGy/h. An irradiation time was set to 30 min.
Commercial purified water was used in the experiment. The
difference in dissociation ratio of the water by the radiolysis
was checked using the pH method and the electric
conductivity method. In order to clearly evaluate the
influence of a radiolysis of the water, the glass beads were
scattered in water to increase reaction surface area.

Figure 2 shows changes in pH and the electric
conductivity of water which scattered glass beads by the
gamma-ray irradiation. During the gamma-ray irradiation,
pH decreases, and the electric conductivity showed a
tendency to increase. After the gamma-ray irradiation, pH
and the electric conductivity have not returned to the value
before irradiation. It is considered that the hydrogen
peroxide and the ozone generated by the radiolysis of the
water is one of these causes. The concentration of
hydrogen peroxide in water was measured after irradiation.
The concentration of hydrogen peroxide was about 3.5 x
10 wt%. When the concentration of the hydrogen peroxide
in water is less than 10 wt%, the pH value of the hydrogen
peroxide water decreases with increase of the
concentration of the hydrogen peroxide. The data of pH of
3.5 x 10* wt% hydrogen peroxide water was 5.58. This was

the same as pH (5.56) of the purified water mostly. It seems
that the decrease of pH after irradiation is not able to
explain by the production of hydrogen peroxide.

In the future, we are going to check the effect of the

ozone on pH of the gamma-ray irradiated water.
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Fig. 1. Proposed new corrosion model by the excitation effect of
the material’s surface.
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Fig. 2. Changes in pH and the electric conductivity of purified water
which scattered glass beads by the gamma-ray irradiation.
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Introduction

The partitioning and transmutation technology of
long-lived and/or heat-generated minor actinide (MA; Am,
Cm) is one of the strategies for reducing the volume and
radiotoxicity of radioactive waste. JAEA has developed
N,N,N’,N’,N”,N"-hexaoctylnitrilotri-acetamide (HONTA) as
a MA-selective extractant and verified >99.9% Am
recovery from high-level liquid waste [1 — 2]. Figure 1
shows the structure of HONTA.

The extraction chromatography has been paid attention
to resolve issues of waste solvent, operation cost and
radiolytic degradation of the current solvent extraction
method [3]. For the past two years, granulation of porous
silica particle with a diameter of 2 mm was established for
low pressure-loss column partitioning system. HONTA was
selected for the impregnating reagent and its extraction
ability was evaluated by the batch-wise experiment. In this
study, gamma-ray radiolysis of HONTA-impregnated silica
type adsorbent was investigated by GC/MS analysis.

-
P

Fig. 1. Structure of HONTA.

Experimental

HONTA (purity >98%) was made by Chemicrea Inc.
HONTA-impregnated silica type adsorbent (0.5 g) in 0.01
M nitric acid (10 mL) was exposed to gamma-ray
irradiation at the Co-60 gamma-ray irradiation facility in
TARRI, QST. After filtration, the irradiated adsorbent was
washed with acetone and the obtained organic mixture
was analyzed by using GC-MS instrument (GC-17A and
GCMS-QP5050, Shimadzu Corp.).
Results and Discussion

Figure 2 shows the GC/MS chromatograms of the
irradiated HONTA-impregnated silica type adsorbent at
absorbed dose of (a) 0.51 MGy, (b) 0.91 MGy and (c) 2.09
MGy. Here, asterisk (*) is dioctyl phthalate, which is the
remained organic solvent after adsorbent preparation, so it
is excluded from radiolysis. There are total 5 products from
HONTA and their generations are strongly correlated to
absorbed dose. For example, irradiation at >1 MGy
increases the number of radiolysis products.

Table 1 shows the proposed radiolysis structures of
HONTA. The C-N bond and C-C bond around the carbonyl
group are likely cleaved while the octyl side chain is little
affected by gamma-ray irradiation. No. 4 and 5 are the
unique products found for extraction chromatography.
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Fig. 2. GC/MS chromatograms of the irradiated HONTA-impregnated
silica type adsorbent at absorbed dose of (a) 0.51 MGy, (b) 0.91 MGy
and (c) 2.09 MGy.

Table 1
Radiolysis products of HONTA.

No. 1 2 3 4 5
Proposed \ H\kl 0 \ o H\ o \ o,
chemical Nt My NNV o AN
structure ))/H /H)) /((H /((ﬁ ° IH) s
Molecuar | ¢, 1N CoHuNO | CuHgNO | CuHgNO; | CyHyN:0,
Molecular 241 269 283 313 326

weight
Summary

The radiolysis of HONTA-impregnated silica type
adsorbent was investigated and its products were
identified from the GC/MS analysis. Further studies are
required to understand radiolysis mechanism.
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Irradiation Behavior of ODS Steels for Fuel Cladding Tube

of Fast Reactor
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Background

JAEA is developing oxide dispersion strengthened
(ODS) ferritic/martensitic steels with excellent high
temperature creep strength properties as a fast reactor fuel
cladding tube material [1]. One of the challenges in fast
reactor fuel cladding tube is suppression of void swelling
which is the dimensional change of materials due to
neutron irradiation. ODS steel has nano-sized oxide
particles finely dispersed in the matrix, which contributes to
the excellent high-temperature strength of ODS steel. The
large number of particle/matrix interfaces is thought to act
as a sink for irradiation induced point defects and suppress
void swelling, but the void swelling data of ODS steel at
high doses (>200 dpa) are not necessarily abundant at
present. Therefore, in this study, in order to evaluate the
void swelling resistance of ODS steel, Fe** and He*
simultaneous irradiation simulating displacement damage
and transmutation gas atom was carried out. The
specimens tested in this study were multiple types of ODS
steels with different matrix phases and non-ODS steels for
comparison. The purpose of this study was to clarify the
effect of nano-sized particles on the void swelling
resistance.
Experimental

The specimens were variety of steels including 9Cr- and
12Cr-ODS, ferritic/martensitic steel (PNC-FMS) and
austenitic stainless steel (PNC316). Different final heat
treatments were applied depending on the steel type and
shape of the specimens, resulting in different
microstructures of matrix. 10.5 MeV Fe®* and 1.2 MeV He*
ions were simultaneously irradiated using the tandem
accelerator and single-ended accelerator in TIARA. The
irradiation condition was set to accelerating void swelling in
ferritic steel in order to emphasize the microstructure
difference on swelling resistance. Helium concentration set
to 1 appmHe/dpa which is 5 times the fast reactor core
condition. An energy degrader was used to flatten the depth
profile of He* ions. The irradiation temperature was 470 °C
which is peak swelling temperature of ferritic steels by ion
irradiation [2]. The total irradiation dose was 94.5 dpa. The
cross-sectional specimens for transmission electron
microscope (TEM) were prepared by the lift-out method
using a focused ion beam system, and the microstructure
of irradiated region was observed by using TEM.
Results

TEM observation revealed that voids larger than 30 nm
were found in non-ODS steels (PNC-FMS and PNC316)
and 12Cr-ODS recrystallized ferritic steel but not in 9Cr-
ODS and 12Cr-ODS ferritic steel, as shown in Fig. 1. The
number density of voids was smaller in 12Cr-ODS than in

non-ODS steels, although no quantitative analysis has
been performed yet. Void swelling is the product of number
density and size of voids. Thus, the observation result
indicates that the ODS steel has a superior void swelling
resistance. The interface between nano-particle and matrix
may act as a sink site for vacancies and He-V complexes
introduced by irradiation, resulting in the suppression of
vacancy accumulation and void growth. On the other hand,
there are no particle/matrix interface in non-ODS steels,
resulting in the growth of voids. The difference in void
formation behavior between 12Cr-ODS rod and cladding is
discussed. The rod specimen is as bent-corrected condition
after hot extrusion and has a relatively high dislocation
density. On the other hand, the cladding specimen was
cold-rolled and then subjected to recrystallization heat
treatment. It has significantly larger grain size and lower
dislocation density than the rod specimen. The larger
dislocation density and longer grain boundary length in rod
specimen effectively absorb point defects, leading to the
suppression of void formation.
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Fig. 1. Microstructure evolution in ODS and non-ODS steels
(martensitic steel and austenitic stainless steels) after Fe** and He*
simultaneous irradiation up to 94.5 dpa at 470 °C.
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Films of Ti1-xAlxN have been known as the material which
exhibits superior mechanical and thermal properties, and
those are widely used as coatings for industrial applications
such as cutting tools. Irrespective of those attracting
performance, little is studied on the growth mechanism as
well as the chemical process. In this work, Ti1-xAlxN thin
films have been prepared by reactive Chemical Vapor
Deposition (CVD) and analyzed by Field Emission Gun
Scanning Electron Microscopy (FEG-SEM), Transmitting
Electron Microscope (TEM) [1], and X-ray Diffraction (XRD).

Recently, it has been reported that Ti1xAlxN films have
been grown by use of the titanium tetra chloride, TiCls, and
c-plane (0001) monocrystalline hexagonal aluminum nitride,
AIN, precursors [2]. The AIN has been prepared at 1500 °C
with the gas mixture of NHs and AICIs on c-plane (0001)
monocrystalline hexagonal sapphire. During the Ti1-xAlxN
growth, hydrogen (Hz) gas is supplied in order to promote
the reactivity. The growth has been performed at various
temperatures between 800 °C and 1200 °C on the 100-nm-
thick monocrystalline AIN on sapphire.

The surface morphologies of Ti1xAlxN layers deposited
at (a) 800 °C, (b) 900 °C, (c) 1000 °C and (d) 1200 °C on
monocrystalline AIN substrates were characterized by
FEG-SEM. At temperatures lower than 1000 °C, surface
morphologies appeared to be smooth. As the temperature
was raised, the grain size appeared to become larger, but
there was almost no substantial change between 800 °C
and 1000 °C. However, the surface morphology deposited
at 1200 °C was quite different form the others. The grains
of films deposited at 1200 °C were much smaller than those
fabricated at less than 1000 °C, and some of them seemed
to grow in a columnar shape. Generally, as temperature is
raised, reaction rate increases. If the reaction rate
increases in this system, it can be expected that TiCls and
AIN react as soon as TiCls reaches the AIN surface, leading
to grow in a columnar shape. At temperature lower than
1000 °C, reaction rate is not as high compared to the
system at 1200 °C, therefore, sufficient time to diffuse on
the surface exists, leading to an increase of surface flatness.
Furthermore, the chemical composition analysis of EDX
equipped with TEM clarified that the average of 25-30 % Al,
35-40 % Al and 75-80 % Al were contained in the layers
deposited at 1200 °C, 1000 °C and 900, respectively. This
indicates that Al content in the grown Ti1xAlxN film can be
decreased by raising the substrate temperature, which
means that Al content in the grown film can be controlled
by changing substrate temperature.

In order to characterize the effect of Hz carrier gas flux
on the Ti1xAlxN film morphology, the surface morphologies
of the Ti1-xAlxN layers deposited at 1200 °C for 15 minutes
with Hz carrier gas flux fixed (a) at 100 sccm (Standard
Cubic Centimeter per Minute), (b) at 1000 sccm and (c)
2000 sccm on monocrystalline AIN substrates, were
observed as shown in Fig. 1. Figure 1 (a) indicates there
are many grains grown in a columnar shape. These
columnar grains grow randomly. However, the surfaces of
the layers fabricated with H2 gas flux at more than 1000

Fig. 1. Surface morphologies of the layers fabricated on
monocrystalline AIN at 1200 °C with H, gas flux fixed at (a) 100
sccm, (b) 1000 scem, (c) 2000 sccm observed by FEG-SEM.

sccm (shown in Fig. 1 (b) and (c)) are much flatter than that
of the layer with 100 sccm. It can be considered that this
phenomenon results from the transportation of TiCls by H2
gas flux and the reaction between TiCls and AIN. If fewer H2
carrier gas flux exists in the reactor, because of the high
reactivity between TiCls and AIN, these react to each other
as soon as TiCls reaches the AIN surface. Therefore, the
surface tends to be rough in this condition. However, if
enough amounts of Hz gas flux exist, TiCls can be carried
effectively and easily diffuse on the surface, leading to the
flatter surface. This indicates that surface morphologies of
the grown Ti1-xAlxN films can be controlled by changing the
Hz carrier gas flux.
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Tungsten (W) has been considered as a promising
candidate for plasma facing materials (PFMs) in future D-T
fusion reactors. During the operation of fusion reactors, W
will be exposed to energetic particles, such as 14 MeV
neutron produced by D-T fusion reaction, and energetic
particles including hydrogen isotope ion, helium ion and
charge-exchanged particles. It is well known that the
damages introduced by both energetic particles and
neutrons will enhance the hydrogen isotope retention by
the formation of stable trapping sites [1, 2]. In addition, the
distribution of damages introduced by charge-exchanged
particles is concentrated near the surface region, while that
by neutrons is uniformly extended throughout the bulk [2].
In this study, irradiation damages were introduced by both
of neutron and 6 MeV Fe ion irradiations with various
damage distributions, and the D retention behaviors were
evaluated by thermal desorption spectroscopy (TDS).

A disk-type polycrystaline W (6 mm?® x 0.5 mm!)
purchased from A.L.M.T. Co. Ltd. was used. To remove
impurities and damages introduced during the polishing
processes, the samples were heat-treated at 1173 K under
ultrahigh vacuum (<108 Pa). The irradiation damages were
introduced by 6 MeV Fe?* irradiations at room temperature
with the damage concentrations of 0.01, 0.1 dpa
(displacement per atom) by a 3 MV tandem accelerator in
Takasaki lon Accelerators for Advanced Radiation
Application (TIARA) at National Institutes for Quantum and
Radiological Science and Technology (QST). Thereafter,
the samples were transferred to the neutron irradiation
facilities. The fission neutron irradiation was performed at
Kyoto University Research Reactor Institute (KUR) with the
damage concentration up to 0.015 dpa.

After the damage introduction, the 1.0 keV deuterium ion
(D2*) implantation was performed at Shizuoka University.
The D ion fluence was set to be 1.0x 102 D* m=2 with the
ion flux of 1.0%x 10" D* m=2 s~'. According to the calculation
of SRIM code using displacement threshold energy of 50
eV, the implantation depth of 6 MeV Fe?* was estimated to
be about 1.5 uym [3]. In addition, that of 1.0 keV D2* was
also calculated to be up to 10 nm. The deuterium
desorption behavior was evaluated by TDS at the
temperature up to 1173 K with the heating rate of 0.5 K s,

Figures 1 and 2 show the D2 TDS spectra for neutron
and/or Fe?* irradiated W samples with various damage
concentrations. In the multiple neutron - Fe?* irradiated

samples, the retentions of D at Peaks 3 and 4 were
decreased as increasing the damage level by neutron
irradiation . But, the desorption of D at Peak 2 was
increased due to increasing of the trapping sites with lower
D binding energy by neutron irradiation, as compared with
the only Fe?* irradiated samples. In addition, the total D
retention was decreased by multiple neutron - Fe?*
irradiation compared to that by only Fe?* irradiation, even
though the damage level by neutron irradiation was
increased. This may be caused by the formation of stables
D trapping sites such as void clusters and voids were not
formed by lower neutron fluence. It was considered that the
hydrogen isotope recycling was enhanced due to damage
introduction by neutron in the shallow region.
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Fig. 1. D, TDS spectra for neutron and Fe?* irradiated samples

Peak 1Peak 2Peak 3Peak 4

o

I | A . Un-damaged

"o I | e |AA Fe?* imp. W
b3 A a 4 0.01dpa
S 4l | | il BN 0.1 dpa
~ A
E | | A |
Z N
£ 1 I
505 R T B T |
° % +; A
o a LN
g Ny [ I

ol |

400 600 800 1000
Temperature / K

Fig. 2. D, TDS spectra for Fe?* irradiated samples
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Gamma rays are used in various fields such as
sterilization of medical instruments, prevention of
germination of potatoes, sterilization of insects, and cancer
treatment. However, since gamma rays are not sensed by
five senses of human beings, special precautions are
necessary for their leakage and they give people an
ambiguous anxiety. In our laboratory, the color formers
(CFs) have been investigated for the purpose of detecting
low-dose gamma rays by visual observation [1 - 3].

In this study, the water - soluble phenothiazine type color
former 1 which changes to the colored form by gamma ray
in aqueous solution using divalent iron ion (Fe?*) as an
additive will be reported (Scheme 1).
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Scheme 1. Coloration of color former 1 by y rays.

Color former 1 was prepared from methylene blue,
cationic phenothiazine thiazine dye. Methylene blue was
reduced with sodium dithionite under basic conditions and
the amine derivatives were reacted with triphosgene to give
the chloroformylated compound. And hypolization of the
precursor obtained by the reaction of the chloroformylated
compound with glycine methyl ester hydrochloride gave the
phenothiazine type color former 1.

The aqueous solution of color former 1 ([1]o = 0.13 mM)
was prepared and irradiated with y rays derived from the
80Co source at gamma-ray irradiation facility in Takasaki
Advanced Radiation Research Institute (TARRI), with total
doses of 10, 40, 70 Gy at a dose rate of 100 Gy/h at room
temperature.

The color development of the solution could not be
observed by visual inspection even at irradiation of 70 Gy.
We considered that y-irradiation to an aqueous solution of
1 is not enough to develop the color change. So, Fe?
(Fe2S04:7H20) was added to the color former solution
expecting that the more active hydroxyl radical would be
generated in the solution by y-irradiation. When 5
equivalents of Fe?* was added to the solution, the increase
in absorbance at 655 nm was the largest in the spectra
measurement (Fig. 1), and the solution turned to blue. The
color change was visually observed from the irradiation of
10 Gy (Fig.2).
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Fig. 1. Spectral changes of aqueous solution of 1 after y- irradiation
([1]o = 0.13 mM, [Fe?], = 0.65 mM)
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Fig. 2. Color changes of aqueous solution of 1 after y-irradiation
(1 Jo = 0.13 mM, [Fe*']o= 0.65 mM).

The aqueous solution of phenothiazine type color former
1 was not sensing to gamma rays but as Fe?* converts the
inactive species for 1 generated from water by gamma rays
into active species for 1, the addition of Fe?* to the solution
was revealed to sensitize the color development by y-rays
of the color former.

In conclusion, we reveal that the color change of the
aqueous solution of the phenothiazine type color former 1
could be recognized by naked eyes after y irradiation of 10
Gy by the addition of Fe?* ion into the solution.
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1 -49 Gamma-irradiation Effect on ESR Signals Derived from
Hydrothermal Minerals and Its Application to Fault Dating

T. Fukuchi

Graduate Faculty of Interdisciplinary Research, University of Yamanashi

A new dating method is needed to evaluate the activity
of faults in the regions without Quaternary overlying
sediments. The ESR (electron spin resonance) dating
technique is directly applicable to hydrothermal minerals
generated in fault gouge, which is formed by fracturing and
frictional heating in fault slip. ESR signals derived from such
hydrothermal minerals give the age of fault slip.

Figure 1A shows ESR spectra obtained from the black
indurated gouge (BM-1) and not indurated gouge (BG-2) in
the Taiwan Chelungpu Fault Drilling Project (TCDP) Hole B
1194 m core [1]. ESR measurement conditions are as
follows: Microwave frequency is 9.44 GHz, microwave
power is 1 mW, measurement temperature is room
temperature, modulation width is 100 kHz 0.05 mT,
response is 0.3 s, scan speed is 8 min/scan., and computer
accumulation is 3 times. Besides a paramagnetic Fe3* ion
signal (g=4.23) and an organic radical (g=2.004), a broad
FMR (ferrimagnetic resonance) signal, which have been
generated by hydrothermal reaction in recent fault slip, is
detected.

To reproduce the hydrothermal reaction caused in fault
gouge by fault slip, | carried out hydrothermal reaction
experiments using the Nojima granite powder (Fig. 1B). The
Nojima granite powder was put in a hydrothermal reactor
with pure water and heated for 1-2 weeks at 240 °C. As a
result, FMR signals similar to those detected from the black
fault gouge samples in the TCDP Hole B 1194 m core are
newly generated from the Nojima granite powder after
hydrothermal reaction (Figs. 1C and 1D).

For detecting new ESR signals derived from
hydrothermal minerals and investigating the gamma-
irradiation effect on the FMR signals, | carried out artificial
gamma-irradiation with a %Co source at 2 cell irradiation
facility in the food irradiation building, Takasaki Advanced
Radiation Research Institute, QST. The irradiation dose
rate is 376.43 Gy/h. After gamma-irradiation, no new ESR
signal derived from hydrothermal minerals is detected. The
FMR signals increase with radiation dose although it is
unclear whether or not they are applicable to fault dating.

References
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Fig. 1. A) Natural fault gouge samples BM-1 (a) and BG-2
(b) in the TCDP Hole B 1194m core, B) Nojima granite
powder samples, C) Hydrothermal reaction samples
heated for one week at 240 °C, D) Hydrothermal reaction
samples heated for two weeks at 240°C. a) and b) in
Fig.1B~1D are 0 Gy and 3.76 kGy, respectively. Mn?* ion
signals are derived from a manganese marker.
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Metabolomics in Carbon-ion-induced Bystander Effects

on Normal Human Fibroblasts

M. Suzuki@, T. Funayama®), M. Suzuki®), Y. Yokota® and Y. Kobayashi®)

3)Department of Basic Medical Sciences for Radiation Damages, NIRS, QST,
b)Department of Radiation-Applied Biology Research, TARRI, QST

We have been studying the bystander effects in cellular
radio-biological responses, such as chromosomal
aberrations, cell death and gene mutation, in normal human
fibroblasts or human tumor cell lines using the carbon-,
neon- and argon-ion microbeams. So far the results
obtained were summarized as follows;

(1) The observed bystander effects induced in normal
human fibroblasts were clearly dependent on
radiation quality, showing clear bystander effects
induced by the lower-Linear-Energy-Transfer (LET)
carbon ions but not the higher-LET neon and argon
ions.

(2) Gap-junction mediated cell-cell communication was
an important role for inducing the aforesaid effects.

(3) The bystander effect via secreted factor(s) at 24 h
after irradiation was induced by argon ions but not
carbon and neon ions in cell death, and by neon and
argon ions not carbon ions in gene mutation.

(4) The secreted factor-induced bystander effects were
suppressed by ascorbic acid but not dimethyl
sulfoxide.

(5) In the case of communication between tumor and
normal cells, the medium from the irradiated human
tumor cells enable to induce damage in the
neighboring non-irradiated normal cells via the
secreted factor-induced bystander effects.

Thus heavy-ion induced bystander effects varied
radiation quality (ion species and LET), biological endpoint
and inducing pathway. Studies of bystander cellular
responses induced by different radiation types can provide
us an important information for evaluating human risk of the
exposure for low-dose or low-dose-rate radiations, such as
the accident of Fukushima Daiichi Nuclear Power Plants
and developing tumor radio-therapy. However, there are a
lot of unknown phenomena concerning cellular responses
induced by low-fluence irradiations of heavy ions and still
unclear their mechanism. For instance we want to know
why the higher-LET argon ions never induce bystander
cellular effects via gap-junction mediated cell-cell
communication, what kinds of pathways in cell-cell
communication bear the responsibility, what is the real
substance(s) of the secreted factor(s).

We next target mechanism or mechanism(s) of
pathways for heavy-ion induced bystander effects. We've
just started the experiment forcing on metabolome level in
order to identify metabolite concerning bystander effects
using the metabolome analysis. This year we try to examine
metabolome analysis against carbon-ion irradiated normal
human fibroblasts, which showed the bystander cellular

effects via gap-junction mediated cell-cell communication
and report the preliminary data.

Normal human skin fibroblasts were irradiated with
carbon-ion microbeams (103 keV/um) generated at the
HZ1 port of TIARA facility. Irradiations were carried out
using the 256-cross-stripe method [1]. Briefly, the beam
size of each irradiation point of the microbeam was 20 um
in diameter and the irradiations in each point were
performed to deliver 8 ions. Immediately after irradiation,
the medium was removed from the dish, methanol
containing 2-isopropylmalic acid was added, the cells were
scraping from the dish and collecting the cell suspension
into the 15 mL polypropylene tube. The sample was
washed twice in methanol, homogenized, centrifuged at
3000 rpm for 5 min and collected supernatant. After drying
the solution containing methoxyamine hydrochloride and
pyridine was added and shaking for 30 min. And then in the
sample N-methyl-N-(trimethylsilyl)trifluoroacetamide was
added, shaking for 30min, centrifuged at 16000 xg for 1 min
and collected supernatant. The sample was analyzed using
the gas chromatography-mass spectrometry. The obtained
data was calculated and analyzed using the SHIMAZU
Smart Metabolites Database.

The preliminary result was summarized in Table 1. The
data showed the candidate metabolites over 1.3 times
higher in the ration of peak area in carbon-ion irradiated
cells than that in unirradiated control cells using the
database.

Table 1
The obtained candidate chemical compounds analyzed using the
database.

Chemical compound Peak ratio (irradiated/control)

Lactose 2.2
Histidine 1.9
Cystine 15
Pyruvic acid 1.3
3-Hydroxyisobutyric acid 1.3

We've just got the first result and are now analyzing each
compound what kinds of roles they will bear the
responsibility for induced bystander effects. We continue to
study in order to understand mechanism or mechanisms for
heavy-ion induced bystander effects.

Reference
[1]1 M. Suzuki et al., JAEA Takasaki Annu. Rep. 2006,
JAEA-Review 2007-060,107 (2008).
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Carbon-ion and Proton Beams Revealed Hematopoietic

Cell Responses Against Irradiation in Adult Medaka

S. 0da?), T. Yasuda®?, D. Li?), T. Endo®, S. Mori?, E. Sha?, M. Suzuki®, T. Funayama®),
Y. Kobayashi®) and H. Mitani?

a)Department of Integrated Biosciences, The University of Tokyo,
b)Department of Radiation-Applied Biology Research, TARRI, QST

Hematopoietic tissue is susceptible to irradiation, since
hematopoietic stem cells are highly proliferative. In
mammals including human, the main hematopoietic organ
is bone marrow and located inside of bone and it is difficult
to directly observe the dynamic responses of
hematopoietic cells after irradiation. In contrast, the main
hematopoietic organ in teleost is kidney and small fish like
zebrafish and medaka have been excellent models to
investigate hematopoietic cell dynamics. In this study, we
conducted targeted irradiation of kidney in adult medaka,
Oryzias latipes, with carbon and proton beams to
investigate the responses of fish hematopoietic cells
against irradiation.

When adult medaka were dorsally irradiated with
carbon-ion ('2C%*, 26.7 MeV/u) beam, peripheral blood
cells decreased 7 days after irradiation and did not
increase again within 28 days after irradiation. Histological
examination showed that hematopoietic tissue in kidney
was severely damaged and was not restored for 1 month
after irradiation. The reduction of hematopoietic cells in the
kidney was dose-dependent when fish were irradiated with
2 Gy, 5 Gy and 15 Gy of carbon ion beams.

Next, we put a 5.0 mm thick acrylic plate to shield the
area other than the target area and conducted irradiation
of only right kidney, both kidneys, and the whole body
other than kidneys (Fig. 1). On the 7 day after the
irradiation of carbon-ion beam, peripheral blood cells
decreased in the fish of which kidneys were irradiated. We
also found that at least one kidney was irradiated,
peripheral blood cells decreased and that irradiation of the
body other than kidneys did not induce the decease of
peripheral blood cell numbers.

We also investigated the effects of proton (H*, 15
MeV/u) beam on hematopoietic tissue in kidney of adult
medaka. The dorsally irradiated fish and the fish irradiated
with shield, which was expected to be irradiated only the
kidneys on both sides, showed the decrease in the number
of peripheral blood cell in the same manner as carbon-ion
beam (Fig. 2). These results indicate that the irradiation
with proton beam caused direct damages in hematopoietic
cells in the kidney and the damages out of the kidney have
little effects on the number of peripheral blood cells. It can
be concluded that the number of peripheral blood cells can
be used as a good indicator of the hematopoietic tissue
damages in kidney. In contrast with the case of carbon-ion
beam, hematopoietic cell in the kidney irradiated with
proton beam (15 Gy) proliferated again and increased to
the level of control 14 days after irradiation.

Fish are highly useful models to investigate the
responses of hematopoietic cells against irradiation. Here,
we reported that irradiation of adult medaka decreased
peripheral blood cells and irradiation only of kidney
resulted in the decrease of the peripheral blood cells.
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Fig. 1. Local irradiation of carbon ion and proton beams with
shielding. (A, B) An acrylic plate (5.0 mm thick) with a circular
opening (¢ 3.0 mm) or an oval opening (major axis of 6.4 mm and
minor axis of 3.0 mm) was put on fish to expose only right kidney
or both kidneys and irradiation was conducted, respectively. The
irradiated areas were confirmed by CR-39 exposure (D, E). (C) To
expose the whole body other than the kidneys, an acrylic plate
(5.0 mm thick) about 4.0 mm wide was put on the fish body to
shield the kidneys and irradiation was conducted.
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A Trial to Improve Quantitative Analysis of the Area of

Oxidative Damage in DNA Sheet Produced by Individual
Carbon lons with Different LETs

K. Urano®P), A. Ito?), Y. Takano 29, S. Yoshida®?),
R. Hirayama9), Y. Furusawa®), Y. Yokota” and T. Funayama®

3)School of Engineering, Tokai University,
®)Nuclear Safety Research Center, JAEA,
°)Graduate School of Med. Pharm. Sci., Chiba University,
dDepartment of Charged Particle Therapy Research, NIRS, QST,
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Although the biological effects of heavy ions are
generally thought to result mainly from direct action of
radiation, we found that there still remains significant
contribution of indirect action in the mammalian cell killing
via OH radicals even at high LET with a few hundred
keV/um [1]. To confirm such observation, we have focused
on the detection of the area of oxidative DNA damage
induced by OH radicals that are probably produced in the
penumbra region. In our preceding study, we developed a
method to detect the location of 8-hydroxydeoxyguanosine
(8-OHdG) by immunostaining method using fluorescence
antibody against 8-OHdG generated in DNA-lipid complex
sheet, hereafter referred to as DNA sheet, with water-
insoluble nature, which enabled us to irradiate in water
environment. Fluorescence dots that may result from
incident individual ions could be observed using a standard
fluorescence immunostaining protocol. However
fluorescence dots probably due to background noise was
hard to subtract from the fluorescence images. In the
present study, we developed a possible way to eliminate
the background dots, and compared the area size of dots
produced by carbon ions with different LETs.

The irradiation of 220 MeV carbon ion with an LET of 108
keV/um was carried out as follows: DNA sheet made on a
coverglass was pretreated with Bouin fixative, and then set
to an irradiation chamber perpendicular to the ion direction.
During irradiation, the DNA sheet on which water was
dropped was covered with mylar film to maintain water
environment around the DNA sheet. In addition, carbon
ions with an LET of 13 and 80 keV/um from HIMAC facility
at NIRS were used for comparison. The obtained images of
fluorescence dots were analyzed using ImageJ image
processing software.

First the image thresholding was conducted using the
maximum entropy method. After setting ROI (Region of
Interest) in the resultant image, the dot size was calculated
by averaging over at least 400 dots per sample. The
following elimination of background dots was developed:
The distribution of maximum intensity in fluorescence dots
is calculated for unirradiated DNA sheet. To obtain
fluorescence intensity for dots that are certainly produced
by irradiation, we used samples irradiated horizontally to

incident beams. Since 8-OHdG generation is observed
along a beam track, the intensity distribution on the
fluorescence line is obtained as in the case of unirradiated
samples. By comparing both intensity distribution profiles,
the threshold level that properly discriminates between
irradiated and unirradiated sample is determined. Following
the above noise elimination procedure, the area size of
fluorescence dots was estimated more precisely.

Figure 1a shows LET dependence of area size of the
fluorescence dots. The size decreased with increasing LET,
which was in contrast to our results reported last year [2].
To compare with penumbra size calculated by Chatterjee
and Schaefer [3] more directly, the dot size was plotted
against ion energy (Fig 1b). The tendency of size increase
with increasing ion energy is consistent with their
calculations. Our trial to eliminate background noise seems
to work properly, resulting in the reproduction of the ion

energy dependence of penumbra size by the calculations.
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Fig. 1. Area size of fluorescence dots produced by carbon ion
irradiation. (a) LET dependence, (b) lon energy dependence.
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Heavy lon Irradiation to Unfertilized Silkworm Egg

Induces Developmental Arrest Immediately After
Fertilization
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and K. Shirai?
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DNA damage checkpoints that detect DNA damage and
arrest the cell cycle to gain time for repair play an important
role in ensuring the accuracy of the genome. However, in
the early embryo of the animal, it has been considered that
there are no or incomplete checkpoint system. Because the
early developing embryos have to repeat the rapid cell
cycle (or nuclear cleavage).

We have observed a dose-dependent developmental
delay in the silkworm embryos at early developmental stage
irradiated with heavy ions. This suggests that the early
developmental egg of the silkworm has a developmental
arrest mechanism by the checkpoint. However, many
mysteries remain in the response of the silkworm eggs to
DNA damage, because the maternally derived components
control early embryonic development.

We already confirmed that the silkworm egg in cleavage
stage stopped developing immediately after heavy ion
irradiation. In this study, we investigated the developmental
arrest of the silkworm egg that irradiated the heavy ions at
just before fertilization.

The silkworm strain used in the experiments was the
pigmented non-diapause strain, pnd pS. The silkworm eggs
at just before fertilization were corrected and irradiated with
carbon ions (190 MeV) at 20 Gy. Then the irradiated eggs
were incubated at 25 °C. Then the eggs were fixed by
Carnoy's solution.

First, we irradiated pre-fertilized eggs (1.5 h after
oviposition) with heavy ions and confirmed whether the
development of the eggs was delayed. In the non-irradiated
egg at 10.5 h after oviposition, the (cleavage) nucleus
spread to the front of the posterior end of the egg, and the
division cycle was cycle 9, whereas in the irradiated egg,
the spread to the posterior end of the nucleus delay, and
the developmental cycle was estimated to be cycle 6.

Then at 11 h 50 min after oviposition, the nuclei of the
non-irradiated egg (control) reached the posterior end of
the egg and the division cycle was cycle 11. On the other
hand, the irradiated eggs also progressed their
development. However, their development was delayed
(The developmental cycle of the irradiated eggs was cycle
8). Therefore, it was confirmed that the irradiation (20 Gy of
carbon ions) induced the unfertilized eggs to delay about 3
cleavage cycles.

Next, we investigated the effects of the heavy ion
irradiation to the silkworm egg before fertilization (1.5 h
after oviposition). As a result, at 2 h 50 min after oviposition
(1 h 20 min after irradiation), one or two nuclei were

observed in both irradiated and non-irradiated eggs. After
then, the non-irradiated control eggs continued the
development and reached stage 3 at 4.5 h after oviposition.
On the other hand, there was one nucleus in most of
irradiated eggs. Some eggs of the irradiated group were
observed two nuclei. These results indicate the
embryogenesis of the irradiated eggs stopped. Therefore,
it was clarified that the unfertilized eggs of silkkworm that
were irradiated with heavy ions, stop their development.

Then we tried to identify whether the two nuclei observed
in the irradiated egg are the two pronuclei (cycle 0), or the
fertilized nuclei divided into two (cycle 2). We changed the
irradiation timing to 1 hour after oviposition, then the effects
to the cell cycle of the irradiation were observed.

As shown in Table 1, both irradiated and non-irradiated
control eggs at one hour after irradiation have only one
nucleus. At 2 h 20 min after irradiation, non-irradiated
control eggs transferred to cycle 2, whereas most of
irradiated eggs (8 of 9 eggs) have stopped their
development at cycle 1. It didn't change even after 10 min
(2 h 30 min after irradiation). Therefore, the irradiated eggs
also fertilize at one hour after irradiation, and the two nuclei
founded in the irradiated eggs were considered to be the
fertilized nuclei of cycle 2.

In these studies, it was clarified that when the silkworm
eggs before fertilization were irradiated with heavy ions, the
development stopped just after fertilization or after first
cleavage.

Table 1
The cell cycle arrest of the silkworm eggs just after fertilization by
heavy ion irradiation.

No. of after irradiation (h)
nuclei 1 2.33 2.5
non-irradiate 1 7
control 2 6 7
1 5 8 11
20G
y 2 1 2
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Foci Formation of Phosphorylated H2AX and 53BP1

After Mixed High-LET Radiation Exposure

S Yamabe?), T Ohizumi®, T. Funayama® and AJ. Nakamura?
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b)Department of Radiation-Applied Biology Research, TARRI, QST

It is well known that organisms are exposed to various
types of stresses in space. Especially, space radiation
exposure is considered severe stress that affects organism
health as the exposure dose is larger than the earth. These
space radiations including high energy particles induce
complex DNA damage. Furthermore, radiation exposure
under the microgravity environment in space might induce
different responses for radiation exposure from that on the
ground. Since the failure of DNA damage repair may induce
genomic instability and increase the risk of developing
cancer, it is important to understand the difference of DNA
damage response after space radiation exposure.
Therefore, in this study, we evaluate the DNA damage
responses after radiation exposure by immunostaining for
phosphorylated H2AX (y-H2AX) to assess the biological
impact of those stresses in space.

Histone H2AX, which is a key protein in DNA repair, is
rapidly phosphorylated at the site of DNA double-strand
breaks (DSBs) following DNA damage induction [1-3].
Upon DNA DSB induction by ionizing radiation (IR), the
accumulation of hundreds of molecules of various DNA
repair proteins including y-H2AX and 53BP1 can be
visualized as a large focus at the DNA DSB site which is
known as lonizing Radiation-Induced Foci (IRIF) [4]. The y-
H2AX foci serve as sites of accumulation of DNA repair
proteins and may also induce chromatin remodeling
possibly to aid access of repair proteins to the DSB sites.
Therefore, the formation of y-H2AX foci is critical for
efficient DNA repair and the maintenance of genome
stability.

In this study, we analyzed the kinetics of y-H2AX and
53BP1 foci formation and cell survival rate by colony
formation assay after exposure of proton beam (20 MeV),
helium ion beam (63 MeV) and carbon ion beam (190 MeV)
that are considered as a component of cosmic rays (data
not shown). Moreover, we investigated the foci formation
after the combination of helium ion beam and carbon ion
beam exposure.

TIG-3 (normal human diploid skin fibroblast) were plated
on chamber slides and exposed to radiation. Cells were
fixed by 2% paraformaldehyde and immunostained for y-
H2AX and/or 53BP1. Carbon ion beam, which causes more
complex DNA damage than the helium ion, induced a larger
size of y-H2AX and 53BP1 foci than helium ion beam at one
hour after exposure (data not shown). Interestingly, both
large and small size of foci formation was observed in
carbon and helium ion mixed beam irradiated cells (data
not shown). These results indicate that the radiation-
induced y-H2AX and 53BP1 foci size depends on the

energy of the radiation and large foci might be resulted by
clustered DNA lesions. In fact, we observed a higher
number of foci at 8 hours after irradiation, indicating the
delayed kinetics of DNA repair for clustered DNA lesions

(Fig. 1).

M proton beam
M Helium ion beam
O Carbon ion beam

9 @ Carbon and Helium ion beam

y-H2AX foci per cell

0
time after 1Gy exposure (hrs)

Fig. 1. Mean number of y-H2AX foci per cell after radiation
exposure.TIG-3 cells were exposed to either C-ion (1 Gy), He-ion
(1 Gy), or both C-ion (0.5 Gy) and He-ion (0.5 Gy), and then fixed
at 8 hr post irradiation.

In conclusion, our findings that show this heterogeneity
of foci size which may affect DNA damage repair response,
is unique and novel.

This study might provide new insights into DNA damage
repair responses in space.

Acknowledgments

The present work was supported by JSPS KAKENHI,
Grant-in-Aid for Scientific Research on Innovative Areas,
Grant Number JP18H04964.

References

[11 W. M. Bonner et al., Nat Rev Cancer. 12, 957 (2008).
[2] E. Rogakou et al., J Cell Biol. 146, 905 (1999).

[3] E. Rogakou et al., J Biol Chem. 273, 5858 (1998).

[4] T. T. Paull et al., Curr Biol. 10, 886 (2000).

QST Takasaki Annual Report 2019



2-06

Analysis of Distance Limitation of Bystander Response

Using Specially Designed Microbeam Irradiation Dish
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High-LET heavy-ion beams have characteristic
biological effects and thus have great industrial and medical
value because it is applied in cancer treatment and
radiation breeding. In addition, risk assessment of cosmic
radiation that contains a heavy-ion radiation from galaxy is
necessary for a manned space mission. Therefore, it has
great importance to elucidate the biological properties of
heavy ion radiation.

One of the main factors contributing to the characteristic
biological effect of heavy-ion is considered to be non-
uniform distribution of microdosimetrical energy deposition
of heavy-ion radiation, which results in cells in a population
irradiated not being hit with same number of ions. Such
non-uniform dose distribution induces mixture of hit and
non-hit cells within a cell population when irradiated with
low dose of heavy-ion. On the other hand, heavy-ion
radiation has a high elementary dose brought from its high-
LET property, so that it derivers higher energy on cells even
with single hit, resulting induction of cellular responses on
hit cells. Therefore, radiation-induced bystander effect is
considered to play an important role in low-dose high-LET
radiation response.

To explore the mechanisms of the bystander effect of
high-LET heavy-ion radiation, we developed a specially-
designed cell irradiation dish for analyzing the distance
limitation of intercellular communication in the bystander
effect, which is difficult to carry out with the conventional
general-purpose microbeam irradiation dish [1]. The dish
was designed with a maze-like layout of grooves of 2 mm
width to maximize the distance between cells. Maze-
shaped wall component that was designed using three-
dimensional CAD software was manufactured by desktop
CNC milling machine. A cover glass to be a cell attach
surface was adhered to a wall component, thereafter
washed and sterilized for cell culture. To improve cell
attachment efficiency on a glass surface, a treatment with
vacuum plasma was carried out.

Human cervical cancer cells HeLa in exponential growth
phase were inoculated in a maze dish, then the dish was
placed in a CO2 incubator for 6 hours to attach cells on a
glass surface. The maze dish was placed on the sample
stage of the collimated heavy-ion microbeam system of
QST-Takasaki, and the cells at one end of the maze were
irradiated with a carbon ion microbeam (15.8 MeV/u) of 250
um in diameter with a dose equivalent to 5 Gy. After
irradiation the sample was post-incubated for 6 hours, then
the cells were fixed with 2% paraformaldehyde in PBS, and
immunostained with anti-gamma-H2AX antibody to detect
bystander response.

The results of preliminary analysis are shown in Fig. 1.

Despite only irradiating an area of 0.04 mm? of the 4 mm?
area at the edge of the maze (area A), the fluorescent
intensity of gamma H2AX staining was increased in that
area, indicating that the bystander effect was induced in the
cells very near of the irradiated cells. The induction of
bystander effects in more remote areas (area B-H) will
require further analysis due to the large errors.

C ion microbeam

4
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Fig. 1. Preliminary result of bystander analysis using maze-shaped
irradiation dish. (a) Top view of maze dish. A maze-like
arrangement of 2mm wide grooves can place cells up to 259 mm
apart. A limited area (250 ym in diameter) of end of the maze (area
A) were irradiated with a carbon ion microbeam, then bystander
responses in eight different areas (area A-H) were analyzed. (b)
Bystander responses in areas with different distance from
irradiation point. Fixed cells were stained with anti-gamma-H2AX
antibody, then the immunofluorescence signals were compared.
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Radiation Effects
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Purpose: Breast cancer, which has been incidence one
million women annually worldwide, is one of the most
common malignancies in women. There are five subtypes
of breast cancer: Luminal A, Luminal B HER2 negative,
Luminal B HER2 positive, HER2 positive non-luminal, and
Triple negative, of which Triple negative has the worst
prognosis [1]. However, no effective treatment has yet
been established. So, focusing on the fact that triple
negative type of breast cancer expresses a lot of
epidermal growth factor receptor (EGFR) [2], we
hypothesized that combination of EGFR inhibitors and
radiotherapy on triple negative type of breast cancer
(TNBC) would be an effective therapy.

Materials and Method: We used human breast cancer
cell line which is triple negative type. Cytotoxicity was
assessed by alamerblue or clonogenic assays in cell lines
treated with EGFR inhibitor (Cetuximab) alone or in
combinations. There were two protocols for combination of
Cetuximab and irradiation. One was a pre-treat in which
the drug was administrated before irradiation. The other is
post-treat, in which the drug is administrated after
irradiation. All irradiations were performed at the Takasaki
Advanced Radiation Research Institute of QST.

Results: To determine an adequate concentration of
Cetuximab for combination with y-ray irradiation, the
cytotoxicity of Cetuximab on TNBC cell was investigated
with the alamerblue assay. In terms of drug dose, an ideal
radiosensitizer has little or no cytotoxic effect by itself to
minimize the damage to normal tissue and increase the
therapeutic ratio. Therefore, the Cetuximab concentration
that results in an approximately 20% inhibition of cell
viability was used for experiments involving Cetuximab
administration for 24 h combined with y-ray. The
protocol-specific effect of Cetuximab treatment on
radiation was confirmed (Fig. 1). When TNBC cells were
first subjected to radiation before Cetuximab, this
treatment resulted in an enhancement of the radiation
effect. However, administering Cetuximab after radiation
did not enhance the effect of radiation. In the case of
MDA231 cells, survival at 8 Gy of y-ray alone was 0.006
and that by the pre-treat was 0.0003, respectively (P>
0.01). However, as shown in Fig. 2, in contrast to the effect
on y-ray irradiation, even this concentration of Cetuximab
does not greatly increase the cytotoxic effect of carbon ion

irradiation in MDA-MB-231 cells.

In summary, it was confirmed that there was the radiation
enhancement effect of Cetuximab on y-rays, but not with
carbon rays. It was suggested that the pathway of the
radiation effect depends on the type of radiation such as
y-ray and charged particle (carbon ion).
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Fig. 1. Effect of Cetuximab on y-ray irradiation in MDA-MB-231
cells. Cetuximab increased the cytotoxic effects of radiation.

RT: y-ray irradiation only. Pre (Post) treat: Drug administration
before (after) irradiation.
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Fig. 2. Effect of Cetuximab on carbon ion irradiation in
MDA-MB-231 cells. Cetuximab did not increased the cytotoxic
effects of radiation. RT: Carbon ion irradiation only. Pre(Post)
treat : Drug administration before(after) irradiation.
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Development of a Novel Irradiation Method for Live

C. elegans Individuals Using Focused Microbeams of
Cyclotron-Accelerated Heavy lons

M. Suzuki, T. Sakashita and T. Funayama
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We have previously developed a collimated microbeam
device at a beamline of the AVF cyclotron of the TIARA, and
established a method for targeted irradiation of localized
parts of living organisms such as the nematode
Caenorhabditis elegans, silkworm and medaka fish [1, 2]. A
collimated microbeam generated with a 20 pym-diameter
micro-collimator, that has a longer projectile range and can
irradiate a thick target, has been used for irradiating model
animals. However, this microbeam cannot target single
specific cells of individuals. Since at least a 10-um beam in
air is required for targeting any single cells in individuals,
we have recently developed a focused microbeam device
with finer microbeam spots to carry out precise targeting [3].

In the present study, to irradiate C. elegans with a fine
focused microbeam, we proposed a method for preparing
samples that enable irradiation of single cells in live
individuals. For immobilization of live C. elegans individuals
during irradiation, we previously proposed an
immobilization method where animals are enclosed in
straight channels of a microfluidic chip with buffer solution
and movements are inhibited without anesthesia [2].
Furthermore, for ion-beam irradiation, we developed ultra-
thin, ion-penetrable, wettable polydimethylsiloxane
microfluidic chips (Worm Sheets) [4, 5]. These Worm
Sheets maintain moisture in the straight channels at least
three hours. The total thickness of the sample including a
Worm Sheet and upper and bottom cover films was
sufficiently thin (~550 um) to allow carbon ions to pass
through. We employed a custom-made Worm Sheet and
followed the immobilization method described previously
[5].

To carry out microbeam irradiation to live C. elegans
individuals, firstly we designed a sample frame that can
hold Worm Sheets with enclosed animals and a CaF:
scintillator for beam position detection (Fig. 1a). The frame
has four square placeholders for a scintillator and for three
Worm Sheets. By using this frame, it is possible to irradiate
three Worm Sheets with animals in one irradiation batch.
The upper surface of the scintillator coincides with the
upper surface of the cover films sealing Worm Sheets to
ensure that the whole upper surface of the sample is flat
(Fig. 1b).

A novel established method for immobilization of C.
elegans individuals fulfills the requirements for focused
microbeam irradiation. As shown in Fig. 1b, the top surfaces
of the samples are flat and sufficiently thin to count ions,
prevent sample dehydration and enable detection of the
beam immediately before irradiation using a nearby
installed CaF: scintillator. A beam size smaller than 10 ym

a
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//
P C. elegans
CaFz scintillator _\_\ = | | W I
—_— lorm Shee

Sample frame

CaF:z scintillator - S Cover film

b

Worm Sheet

Bottom cover film

Fig. 1. Schematic diagram of the irradiation of live C. elegans with
a focused carbon-ion microbeam. (a) Overhead view of
immobilization of C. elegans individuals using Worm Sheets on a
sample frame. The CaF; scintillator is placed on the sample frame.
(b) Cross section view of the sample frame placed immediately
under the beam exit.

was obtained for '2C ions of 26.7 MeV/u at a distance of 2
mm from the beam exit. Targeted irradiation with a focused
microbeam of an exact number of carbon ions to specific
cells in live C. elegans individuals can be realized by the
proposed method. The irradiation experiments using the
focused microbeams, in which we target several neurons in
a central nervous system, are in progress.
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Maximum-Depth Sequencing
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Radiation-induced mutagenesis is a powerful tool for
generating mutants in plant biology. However, there is no
quick and direct methods to evaluate radiation dose
suitable for inducing mutations. In this work, we tried
maximum-depth sequencing (MDS), a method that can
detect extremely rare mutations in a population of cells
through next generation sequencing (NGS) with error
correction [1], to detect locus-specific somatic mutations in
gamma-irradiated Arabidopsis plants.

Arabidopsis dry seeds were irradiated with or without
300 Gy gamma rays. Genomic DNA was extracted from 10-
d-old seedlings. For detection of locus-specific somatic
mutations, we chose 110-bp genomic region in the second
exon of the Arabidopsis TT8 gene as a model locus of
target. The genome DNA was digested by a restriction
enzyme that cuts the 3' side of the target, followed by
attaching an adapter sequence for NGS and a random
barcode to the target DNA by a polymerase reaction (Fig.
1(a)). Next, a primer that hybridizes outside of the barcode
was used alone to amplify the target DNA linearly to
generate complemental copies tagged with identical
barcode from one original copy of the target (Fig. 1(b)). By
this procedure, mutations derived from the original target
should be appeared in all the reads tagged with the same
barcode (e in Fig. 1), whereas mutations occurred by an
erroneous reaction in PCR or NGS (A in Fig. 1) present
independently in the reads within the same barcode (Fig.
1(c)).

DNA libraries prepared with 12 and 30 cycles of linear
amplifications and PCR were processed by NGS (150-bp
pair end) using lllumina NovaSeq6000. Approximately 59
million and 42 million sequence reads were obtained and
grouped by 702,037 and 389,188 barcodes for the non-
irradiated and irradiated samples, respectively (Table 1).

After examining the data, we decided to take a barcode
for mutation analysis if number of reads tagged by the same
barcodes (R) is = 5 and to judge the barcode represents
a mutant DNA if the ratio of the mutant reads (r) in the
barcode is = 60%. As the result, we detected 104 and 118
barcodes representing single base substitutions (SBSs) in
the non-irradiated and irradiated samples, respectively
(Table 1). Of these mutations, more than 85% was C—A
transversions in both non-irradiated and irradiated samples
(Fig. 2). The C—Atransversions seem to originate from the
target DNA but not to be derived from mutations occurred
in plant cells because its complimentary transversions
(G—T) account for only 0~1%. Most of the C—A
transversions detected may be originated from DNA lesion
or un-repaired mismatched nucleotides in the target DNA.

Regarding insertion or deletion mutations, 1-bp deletions
(DEL(-1)) were detected only in the irradiated sample
(Table 1), suggesting that these deletion may be induced
by the gamma irradiation.

In this work, we could confirm that the MDS reaction
worked almost as we expected. Although the current result
showed only a little difference between non-irradiated and
irradiated samples, we hope further improvements of MDS
reaction and bioinformatics will make this method available

to determine radiation dose suitable for plant mutagenesis.
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Fig. 1. Procedure of the MDS. After linear amplification, DNA
library for NGS was generated by adding a reverse primer followed
by PCR.

Table 1
Number of barcodes in the non-irradiated (0 Gy) and irradiated
(300 Gy) samples.

Number of barcodes

0 Gy 300 Gy
Total 702,037 389,188
R=5 88,242 79,582
r=60% 106 121
SBS 104 118

2 SBS* 2 0
DEL (1) 0 3

*Two independent SBSs were detected in the reads.

Number of barcodes

100
0Gy 300 Gy

50

0
A>G T5C GOA T ASC T3G AT TYA GT (A 6C 6
Fig. 2. Number of barcodes classified by types of SBS.
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Construction of Mutant Lines of the Parasitic Plant

Cuscuta campestris Yuncker by Carbon lon Irradiation,
and Development of an in vitro System for Screening
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This study of plant parasitism has begun with the
economic impact of the parasites. Cuscuta species is one
of the most widespread group of parasitic plants that
subsists on various plant species, causing damages to
important crops. Cuscuta species absorbs water and
nutrients from host plants through an invasive organ called
a haustorium [1]. Understanding the molecular basis of the
invasive processes of Cuscuta species is of critical
importance to crop production [2]. At present, however,
several tools for molecular genetics in Cuscuta species
have not been developed including mutant collections and
screening technologies.

We chose Cuscuta campestris as a model system for
molecular genetics in Cuscuta species because of its
relatively small genome size (Fig.1). We established
homozygous lines of C. campestris for identical genotype
by self-pollination, and sequenced the genomes of the
homozygous lines. Following the sequencing of C.
campestris genome, we now promote to produce ion-beam
irradiated C. campestris populations on a large scale for
finding the various mutants in the same genetic background.

] . |
Fig. 1. Cuscuta campestris infecting a host plant. (a) C.
campestris infecting Arabidopsis thaliana stem. (b) Fruiting of C.
campestris. (c) and (d) Fruits and Seeds of C. campestris. Bar=1
cm.

To use high-throughput screening assays for parasitism
mutants in C. campestris, we also developed an
experimental system that in vitro regulates the haustorium
development. Some studies reported that tactile stimuli
induced the formation of haustoria, and far-red light or blue
light irradiation promoted parasitism in Cuscuta seedlings.
We investigated haustorial induction on C. campestris
seedlings by tactile stimuli in combination with blue light
irradiation according to the glass-plate method. For tactile
stimuli, the C. campestris seedlings were held between two
glass plates separated by pieces of plastic sheet. The glass
plates were kept horizontal, and treated with irradiation of
blue light (Fig.2). The results showed that both of tactile
stimuli and blue light irradiation were simultaneously
required for haustorial induction and formation, and
subjected to haustorial induction for 24 h, and haustorial
formation for 48 h (Fig.3).

Blue light

Fig. 2. Schematic images of the in vitro system for haustorium
induction (Upper panel). Formation of haustoria in C. campestris
that was pressed with a stack of glass slides under blue light
irradiation for 48 h (left), compared with C. campestris observed
without stimulation (right). Arrowhead indicates haustorium.
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Fig.3. The number of haustoria per a C. campestris seedling. TS,
tactile stimuli; NTS, no tactile stimuli; B, blue light irradiation; R,
red light irradiation. Error bars represent SE (n=10).

The present system not only enabled us to monitor the
processes of haustorial induction and formation, but also
showed potential for the simple screening assay for
haustorium mutants in C. campestris. Application of the in
vitro system to a large-scale screening of haustorium
mutants will provides opportunities to find mutants that are
not encountered in typical phenotypic screenings.
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lonizing radiations can interact directly and/or indirectly
with DNA molecules and induce a wide range of DNA
lesions. All organisms have potential to repair those DNA
lesions, but some of them could not be completely repaired,
resulting in occurrence of mutations. Radiation-induced
mutations are thought to occur in random. On the other
hand, we previously constructed a mutation detection
system using Arabidopsis seed colors as markers, and
suggested that carbon ion irradiation onto young seedlings
could induce mutations in TT4 gene less frequently than
those in another gene (778) [1]. Here, we tried to develop
another mutation detect system using different vegetative
tissues like leaves as markers in irradiated Arabidopsis.

Anthocyanins are one of the major pigments in plants,
and known to control beautiful coloration in flowers and
fruits. In Arabidopsis, anthocyanins provide reddish
coloration in vegetative tissues such as leaves. TT4, TT3
and TT18 genes are prerequisite for synthesizing
anthocyanins in Arabidopsis, and a homozygous mutant
for one of those genes results in loss of red pigments.
Therefore, preparation of heterozygous plants for those
three genes followed by irradiation, makes it possible to
induce mutations in either of their wild type allele, leading
to anthocyanin (red pigment)-less tissues from reddish
wild-type tissues.

Triple heterozygous plants (TT4ft4 TT3tt3 TT18tt18)
were obtained by crossing of triple homozygous mutants
for tt4, tt3 and {t18, and their parental wild type. The
heterozygous seeds were germinated in nutrient media,
and 1-d-old seedlings were exposed to #°Co gamma-rays
at Food Irradiation Facility, TARRI, QST. Irradiated M1
plants were grown under standard conditions, and their
vegetative tissues such as leaves were observed with
respect to anthocyanin accumulation.

Before mutagenesis experiment, gamma-ray sensitivity
in 1-d-old Arabidopsis seedlings was determined, based
on the survival rate 3 weeks after irradiation. Survival
curves were obtained for the triple heterozygous plants
and the wild type. They were found to be similar to each
other, having shoulder doses of 140 Gy. Then, half of the
shoulder dose (70 Gy) was used for mutagenesis in triple
heterozygous seedlings. As shown in Table 1, about
170~180 each of irradiated and unirradiated plants were
investigated for anthocyanin accumulation in their
vegetative tissues. Anthocyanin-less tissues were detected
from gamma-ray irradiated plants but not from unirradiated
plants. This suggests that anthocyanin-less tissues were
induced by gamma-ray irradiation. Next, we tried to know
whether anthocyanin-less phenotypes were derived from

mutations in one of three heterozygous genes. We chose
one of 10 anthocyanin-less tissues, extracted its genomic
DNA, and investigated its heterozygosity at three loci (TT4,
TT3and TT18)in this tissue. It was revealed that, whereas
wild-type TT3 and TT18 alleles had no novel mutations
and remained functional, wild-type TT4 allele was deleted
and new genomic composition without functional 774 was
generated in this anthocyanin-less tissue (Fig. 1).
Molecular investigations for other anthocyanin-less tissues
as well as further mutation analysis using this system, will
provide more in-depth knowledge on occurrence of
radiation-induced mutations and their randomness in
plants.

Table 1
Detection of anthocyanin-less tissues from triple heterozygous
plants.

No. plants No. plants with
analyzed anthocyanin-less tissues
no irradiation 168 0 (0.0%)
gamma-rays 70 Gy 179 10 (5.6%)
Anthocyanin (+)
¥ TT4

wild type allele

$ =P :

i L rt4h allele
| tt4h |
i !
1 1
Anthocyanin (-) |
1 1
e s TR s { > tt4-DEL allele
tt4A allele
tt4n

Fig. 1. Genomic composition in a new anthocyanin-less tissue.
Wild type TT4 allele was found to be deleted, resulting in absence
of functional TT4 gene in this tissue.
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Construction and Radioresistance Analysis of Knockout

Strains of DNA Double-Strand Break Repair-related Genes
in Physcomitrella patens

Y. Yokota and A. N. Sakamoto
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DNA double-strand breaks (DSBs) are the most lethal
type of radiation-induced DNA damage. The main
pathways for rejoining DSBs are error-free homologous
recombination (HR), which uses intact sister chromatids as
templates to accurately repair DSBs, and error-prone
non-homologous end joining (NHEJ) and alternative end
joining (a-EJ). Rad51B, Lig4 and PolQ are the genes that
play important roles in HR, NHEJ and a-EJ, respectively.
We have reported that moss Physcomitrella patens cells

are 200-folds more radioresistant than mammalian cells [1].

To elucidate its mechanism, we obtained knockout plants
(rad51b-1, lig4-1 and polg-1 strains) of the Rad51B, Lig4,
and PolQ from Dr. Nogué of INRA, France and found that
only Rad51B is involved in radioresistance [2]. In the
present study, to strengthed the findings, another knockout
strain (rad51b-2, lig4-2 and polg-2 strains) targeting
different sites of Rad51B, Lig4 and PolQ was produced
with CRISPR-CAS9 method and their radioresistance was
measured.

A plasmid for expressing the gene of CAS9 protein,
which cleaves genomic DNA in a guide RNA-dependent
manner, was obtained from Dr. Nogué. Nucleotide
sequences of Rad51B, Lig4 and PolQ were obtained from
public databases. The guide RNA for recruiting the CAS9
to the target site was selected from those recommended
by the Chop Chop Harvard site [3] according to the
following conditions: (1) it targets a site different from the
already obtained knockout strain, (2) sequence that closely
resembles the target sequence does not exist in the
genome, (3) it targets the first or second exon, and (4) the
cleavage efficiency of the target site is expected to be high.
Selected guide RNA gene was synthesized and
incorporated into a plasmid. The genes of CAS9, guide
RNA and NPTII were transiently expressed in P. patens
protoplasts, and geneticin-resistant colonies were picked
up. The genomic DNA was extracted from the colonies and
the target gene was sequenced. Then, a knockout strain
was selected in which an immature stop codon occurred
due to a deletion or insertion in the front of the open
reading frame.

In all of the knockout strains, translation of mRNA to
amino acid is stopped by occurrence of the immature stop
codon and amino acid sequence was thus shortened (Fig.
1). To elucidate its influence on radioresistance, the
wildtype and knockout strains were irradiated with y-rays
and their growth was compared. As a result, it was found
that the resistance to y-rays was almost same among
wildtype, lig4-1, lig4-2 and polg-1 strains, but was
significantly lost in the rad571b-1 and rad51b-2 strains (Fig.

2). This suggests that the radioresistance of P. patens is
due to the accurate repair of DSBs with the HR pathway.
We are now investigating the radioresistance of the polq-2
strain. To elucidate the mechanisms of radioresistance, we
will also measure the DSB repair kinetics of the knockout
strains by pulse-field gel electrophoresis assay.
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RADS51B
rad51b-1 - 32 aa
rad51b-2 - 68 aa

427 amino acid residues (aa)

LIG4 - - 1296 aa

lig4-1 -0 271 aa

liga-2 ®71aa

POLQ - 2429 aa
polg-1 837 aa

polg-2 52 aa

Fig. 1. Predicted open reading frames in wildtype (bold) and
mutant strains. Each box means functional motifs.
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Fig. 2. Growth inhibition after y-ray irradiation. Data represent
the mean + standard error of three or more independent tests.
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The cluster ion beams show specific irradiation effects
compared to monomer ion beams due to their unique
feature in energy deposition [1]. However, biological
effects remained to be determined. The currently available
cluster ion beams generated by linear electrostatic
accelerators have a limited penetration depth and the
samples have to be irradiated in a vacuum chamber. We
used bacterial spores as a model organism and
established the sample preparation and irradiation method
for cluster ion beams [2]. In our previous study using
carbon ions, the LET value was very high (1,141 keV/um)
and a single carbon atom deposited energy more than
enough to kill the spore, and therefore, we failed to detect
any “cluster effect”. Further analysis on the relationship
between LET and lethal effects suggested that the LET
range less than 150 keV/um was suitable to investigate the
cluster effect in our experimental system. Here, we
compared the lethal effect of monomer and cluster beams
using proton ions.

The spore samples were prepared as described
previously [2]. In brief, 3 pl of spore suspension solution
containing 2 x 10° spores was dropped onto a small piece
of silicon wafer (10 x 10 mm). Spores were spread into
almost monolayer by freeze drying followed by dew
condensation treatment on ice. The samples were
irradiated in a vacuum chamber with three kind of
monomer ions (340 keV H* (LET 75.0 keV/um), 500 keV
H* (58.9) and 1 MeV H* (37.7)) and cluster ions (2 MeV
Hz2*). The LET value of 2 MeV Hz* is 75.4 keV/um, if we
assume it is twice that of 1 MeV H*. The spores on each
silicon wafer were corrected in PBT buffer (10 mM sodium
phosphate buffer containing 0.01% Tween20, pH 7.0), and
the survival fraction was determined by the dilution plate
method.

The survival fraction decreased with increased particle
fluence on a semi-logarithmic scale (Fig. 1). The lethal
effect of monomer ions depended on the LET. The 340 keV
H* that has the highest LET value showed the highest
lethal effect. In case that Hz* is regarded as a single
particle, the LET value of 2 MeV Hz* is close to that of 340
keV H*. However, the lethal effect of 340 keV H* is higher
than that of 2 MeV H2* per particle (Fig. 1A). This shows
that the density of energy deposition in the ion track greatly
affects the lethal effect of particle beams.

The 2 MeV H2* and 1 MeV H* have the same incident
energy per atom, however the lethal effect of 2 MeV Hx*
seems slightly lower than that of 1 MeV H* per atom (Fig.
1B). This might be a negative cluster effect regarding the
lethal effect. It could be interpreted that, in case of 2 MeV

H2*, two proton atoms in a cluster had more chances to
affect the same gene because the two atoms were in close
proximity.
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Fig. 1. Survival fraction of irradiated B. subtilis spores shown as a
function of particles/cm? (A) and atoms/cm? (B).
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For biofuel production by microalgae, three
improvements are essential; the higher concentration of
the algae biomass, higher productivity of oil contents, and
a strain with unique oil property. In this study, we focused
on very-long-alkyl ketones so-called alkenone (Fig. 1),
which are thought to be good candidates for biofuels [1].
We selected one of the alkenone-producing haptophytes,
Tisochrysis lutea (Strain T-Iso), because some molecular
biotechnological methods and information are available [2,
3]. Here, we tried heavy ion irradiation which has an
advantage to obtain useful mutants [4, 5]. In addition, the
obtained mutants can be applicable to the open system as
non-GMO.
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Fig. 1. Alkenone structures. The carbon number of these
alkenones is 37 and they have two to four tfrans-type double
bonds and a keto group at a C2 position.

So far, we have selected high oil-producing strains by
monitoring fluorescence intensity of lipids stained with Nile
red regent by using microplate reader (SYNERGY HTX,
BioTek). It is considered that these high oil-producing
strains had features such as high growth rate, high
intracellular carbon ratio to lipid, or the suppression of lipid
degradation.

Alkenone is known to be used as an energy source like
polysaccharides under dark condition. [6]. Therefore, we
cultured the selected high oil-producing strains with
96-well plate for 2 weeks and then put them in dark
condition for 1 week. Finally, we obtained 9 strains that
remained the highest fluorescence intensity in both Nile
Red and Chlorophyll as the first candidates and following
22 strains as the second candidates (Fig. 2). Here, we
checked these candidate strains whether the amount of
alkenone was suppressed.

In analysis of the alkenone amounts by GC-FID, we
cultured 24 of 31 candidate strains in plastic flask for 2
weeks and then put them in dark condition for 1 week.
When we compared the alkenone amounts before and
after dark conditions, we obtained 5 candidate strains (Fig.
3). Alkenone degradation of these candidates were more
suppressed than the wild type under the dark conditions.
One of 5 candidates was the first candidates that remained

88% of alkenone before the dark conditions. Four of 5
candidates were the second candidates.
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Fig. 2. Mutants that suppressed lipid degradation. Ratio of
remained fluorescence intensity of Nile Red and Chlorophyll
after the 1 week dark condition. Red circle: 9 strains that
remained highest fluorescence intensity in both Nile Red
and Chlorophyll, Orange circle: 22 strains that remained
higher fluorescence intensity in both Nile Red and
Chlorophyll, Blue circle: The other strains.
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Fig. 3. Comparison of alkenone amount before and after
dark condition. We cultured 24 of 72 strains in plastic flask
for the comparison of the alkenone amounts before and
after dark condition. Red: Frist candidates, Orange: Second
candidates, Open circle: T-Iso (wild type), Triangle:
Candidate strains in which alkenone degradation is
suppressed under dark condition.

References

[1] O’'Neil et al., Energy Fuels 29, 922 (2015).
[2] Endo et al., Sci. Rep. 8, 11230 (2018).

[3] Carrier et al., Algal Res. 29, 1 (2018).

[4] Ota et al., Biotechnol. Biofuels 9, 13 (2016).
[5] Yamada et al., Sci. Rep. 6, 26327 (2016).
[6] Tsuji et al., Mar. Biotechnol. 17, 428 (2015).

QST Takasaki Annual Report 2019



2-15

Construction of Luciferase Reporter Strains for

Functional Analysis of DNA Damage Response Regulator
Pprl in Deinococcus radiodurans

K. Satoh?, T. Sanzen??), Y. Oono? and I. Narumi®

3)Department of Radiation-Applied Biology Research, TARRI, QST,
b)Graduate School of Life Sciences, Toyo University

Deinococcus radiodurans is a representative strain of
radioresistant bacteria and has extremely high resistance
to various DNA damage caused by gamma rays, ultraviolet
rays, desiccation, free radical-generating substances, and
DNA cross-linkers. The previous studies revealed that the
expression of a unique DNA repair-related protein, PprA,
was up-regulated by a DNA damage response regulator,
Pprl, following DNA damage in D. radiodurans [1]. Analysis
of the genome sequences of Deinococcus spp. discovered
the radiation/desiccation response (RDR) motif, existing
upstream of the radiation-inducible genes (RDR regulons)
such as pprA and ddrA genes [2]. The RDR motif serves as
an operator sequence in the unique DNA repair response
system [3]. Another regulatory protein DdrO binds the RDR
motif and serves as a repressor. Following DNA damage,
the metalloprotease activity of Pprl cleaves DdrO, resulting
in induction of the RDR regulon [4]. However, the detailed
functional site of Pprl protein is poorly understood. In an
effort to gain an insight into the role of Pprl in DNA damage
response mechanism in D. radiodurans, we generated
luciferase reporter strains that were regulated by pprl
expression plasmids.

Firstly, we constructed a luciferase reporter DNA
cassette consisted of an engineered firefly luciferase gene
(FL) and an Escherichia coli spectinomycin resistance gene
(Spc) as a genetic marker. The expression of FL was
controlled by the ddrA promoter including the RDR motif.
Next, this luciferase reporter DNA cassette was intergrated
into the genome of the wild-type and the ppri-deleted
mutant strains via homologous recombination, and the
resulting FL reporter strains were designated DARP and
SIRP, respectively. The pprl expression plasmid pEXpprl
carrying an E. coli chloramphenicol (Cm) resistance gene
was introduced into the strain SIRP. As controls, empty
pRAD1 vector was introduced into strains DARP and SIRP.
D. radiodurans cells carrying the plasmids were incubated
at 30 °C for 24 h in TGY broth containing 350 ug/mL Spc
and 3 pg/mL Cm. Cells were harvested, washed, and
resuspended in 10 mM sodium phosphate buffer (pH 7.0).
Aliquots (0.25 mL) of the cell suspension were dispensed
into 15 mL-volume test tubes and irradiated at room
temperature with 2 kGy of ®Co gamma rays at Food
Irradiation Facility, TARRI, QST. After irradiation, cells were
resuspended in 2 mL TGY broth and incubated at 30 °C for
different post-irradiation times (0 and 2 h) with agitation. FL
activity in cell suspension (10 yL) were measured using the
Bright-Glo  Luciferase Assay System (Promega).
Chemiluminescent signals were visualized using an Ez-

CaptureMG chemiluminescence imaging system (Atto).
The relative reporter activity was calculated as the ratio of
the luminescence from FL to the optical density at 600 nm
of the cell suspension.

We successfully generated luciferase reporter strains for
functional analysis of Pprl in D. radiodurans. As shown in
Fig. 1, in strain DARP carrying pRAD1, FL reporter activity
was enhanced following 2 kGy gamma irradiation at 2 h
post-irradiation time. On the other hand, FL reporter activity
in the ppri-deletion strain SIRP carrying pRAD1 was not
observed following irradiation. Like strain DARP, the FL
reporter activity in the strain SIRP carrying pEXpprl was
enhanced following irradiation by functional
complementation with the pprl expression plasmid. This
result suggests that the D. radiodurans Pprl is a key protein
for DNA damage response regulator. Currently, we
constructed several mutated ppri-expression plasmids.
Further, the FL reporter assay with ppr/ mutation library will
help to delineate the functional site of Pprl in regard to the
DNA damage response mechanism in D. radiodurans.
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Fig. 1. Changes in FL reporter activity following irradiation. Cells
were irradiated (+) or mock irradiated (=) with gamma rays at a
dose of 2 kGy, incubated for 0 or 2 h and then subjected to the FL
reporter assay. Values represent the relative reporter activity
normalized in relation to the mock-irradiated DARP value of 1 for
each post-irradiation time.

Acknowledgments
This work was supported by JSPS KAKENHI Grant
Number JP18K05423 to K. Satoh.

References

[1] Y. Hua et al., Biochem. Biophys. Res. Commun. 306,
354 (2003).

[2] D. R. Haris et al., PloS Biol. 2, €304 (2004).

[3] M. Ludanyi et al., Mol. Microbiol. 94, 434 (2014).

[4] H. Lu et al., DNA Repair 11, 139 (2012).

QST Takasaki Annual Report 2019



2-16

Functional Analysis of Radiation-Inducible Protein DdrA

and Its Paralog Protein DArAP in Deinococcus
radiodurans

Y. Futami?), K. Satoh®), N. Tomita®, T. Sanzen®, T. Shimosaka?, Y. Oono?
and |. Narumi&°)

a)Faculty of Life Sciences, Toyo University,
b)Department of Radiation-Applied Biology Research, TARRI, QST,
°)Graduate School of Life Sciences, Toyo University

Deinococcus radiodurans is a representative strain of
the radioresistant bacteria characterized by extraordinary
tolerance toward various DNA damaging agents such as
ionizing radiation, ultraviolet rays and DNA cross-linkers [1].
Following exposure to such agents, a number of genes
which lack readily identifiable homologues among known
proteins are induced. Of these, DdrA (DNA damage
response A) is one of the most highly induced genes [2].
This protein has an evolutionary relationship to eukaryotic
Rad52, a protein that is important for DNA double-strand
break repair and homologous recombination [3]. It has also
been shown that DdrA binds to 3'-overhang DNA ends to
protect them from degradation by nucleases [4]. However,
the detailed function of DdrA in DNA repair mechanisms of
D. radiodurans is not yet thoroughly understand. Sequence
homology analysis revealed that D. radiodurans possesses
a DdrA paralog, DdrAP, which is constitutively expressed in
cells unlike DdrA. Although DdrAP is widely conserved in
the member of genus Deinococcus, the function of DdrAP
protein remains unclear.

In this study, we constructed knockout strains for the
DdrA-encoding gene (ddrA) and DdrAP-encoding gene
(ddrAP) of D. radiodurans and investigated sensitivities of
these mutant strains to DNA damaging agents and DNA
replication inhibitors in order to gain an insight into the role
of these genes in DNA repair mechanisms.

A ddrA knockout stain was generated from D.
radiodurans wild-type R1 (WT) by the double crossover-
mediated mutagenesis technique using the kanamycin
phosphotransferase gene as a marker (designated AddrA).
A ddrAP knockout stain was generated by the double
crossover-mediated mutagenesis technique using the
hygromycin phosphotransferase gene as a marker
(designated AddrAP). Sensitivities of WT and the knockout
strains to DNA damaging agents and DNA replication
inhibitors were investigated by serial dilution spotting
method [5].

Whereas AddrA exhibited sensitivities to gamma rays,
ultraviolet rays, and nalidixic acid, AddrAP exhibited
resistance to gamma rays, bleomycin, and novobiocin (Fig.
1). Among the strains tested, there was no difference in
sensitiviies to the DNA alkylating agent methyl
methanesulfonate and the DNA oxidant hydrogen peroxide.
Nalidixic acid and novobiocin are inhibitors of DNA gyrase
subunit A (GyrA) and subunit B (GyrB), respectively. From
the results of sensitivity test, it was suggested that DdrA

and DdrAP are interacted with GyrA and GyrB, respectively,
so that the effect of these inhibitors to the protein complex
consisted of DdrA, DdrAP, GyrA and GyrB is altered by
inducing conformational change.

Taking into consideration the result that AddrAP
exhibited a resistance to gamma rays and bleomycin, both
of which produce DNA double strand breaks, and the fact
that the DNA repair promoting protein PprA is interacted
with  DNA gyrase [6], DdrAP seems to involved in
condensed nucleoid-dependent end joining (CNDEJ), the
double strand breaks repair mechanism in which PprA
plays a crucial role in D. radiodurans [1].
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Fig. 1. Sensitivities to DNA damaging agents and DNA replication
inhibitors.

For gamma and ultraviolet rays, 5 pl aliquots of serially diluted cells
were dropped on TGY agar and subjected to irradiation. For
remaining chemical treatments, 5 pl aliquots of serially diluted cells
were dropped on TGY agar supplemented with each chemical. TGY
agar was incubated at 30 °C for 2 d.
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Japanese sake, called as “koku-syu” is a traditional
liquor of Japan. It is made from steamed-rice, koji-rice, and
water. The various characters of Japanese sake such as
sweetness/dryness, rich/light, acidity, and ginjyo-aroma
vary depending on sake yeasts. Therefore, various sake
yeasts are isolated and bred at each region of Japan. Our
group have succeeded in breeding and practical utilization
of sake yeast Saccharomyces cerevisiae No. 227 by ion-
beam mutagenesis for the first time in the world [1].
Moreover, we also bred non-urea producing Gunma KAZE2
yeast (KAZE2-Arg) which is suitable for export by ion-beam
irradiation [2]. However, the viabilities of sake yeasts
prepared for ion-beam mutagenesis were under 0.1%.
Thus, it was considered that some mutagenesis stress was
provided for yeast cells before ion-beam irradiation.
Therefore, some improvement ftrials are needed for
evaluating superiority of ion-beam breeding methods.

Previous conditions were follows. Yeast cells were
statically pre-incubated in YM5 medium (0.3% yeast extract,
0.3% malts extract, 0.5% peptone, and 5% glucose) at
30 °C for 4 d. Cells were harvested and washed with
sterilized saline (0.9% NaCl) and adhered on cellulose
acetate membrane (0.22 ym). These operations were done
in the clean bench (Fig. 1). After freeze-dried treatment, 20
ml of YM medium (0.3% yeast extract, 0.3% malts extract,
0.5% peptone, and 1% glucose) was added on the
membrane and incubated at room temperature for 1 h.
Diluted with sterilized saline, yeast cells were spread on YM
plate medium (consolidated with 2% agar) and incubated at
30 °C for 1 d. Viabilities of yeast were determined by
calculating the number of single colonies (treatment)
divided by the total number of colonies (mock treatment).

In this study, we investigated conditions to prepare yeast
cells for ion-beam mutagenesis. Firstly, we changed growth
condition of yeast cells from the stationary phase to the log
phase that is usually used for ethylmetansulfonate
mutagenesis and UV-irradiation [3, 4]. S. cerevisiae kyokai
no. 701, type strain of sake yeast, was incubated in YM
medium (0.3% yeast extract, 0.3% malts extract, 0.5%
peptone, and 1% glucose) with shaking at 150 rpm, 30 °C
for 24 h. After freeze-dried treatment, viability of yeast was
improved to about 0.1%.

Next, we thought that osmotic stress condition might
induce yeast cells to adapt drying stress condition. We
added 1% of NaCl in YM medium to increase osmotic
stress. However, viability of yeast was decreased under
0.1%. On the other hand, viability of yeast was increased to
0.6% by adding1 M Sorbitol in YM medium (YMS medium)
which was utilized as a protective material for expansion

stress [5]. This result gave us a hint to change YMS medium
to YPDS medium (1% yeast extract, 2% peptone, 2%
glucose, and 1 M sorbitol). This improvement increased
yeast viability to 2%.

Freeze-dried treatment causes to yeast cells freeze
stress and drying stress. Subsequently, we changed drying
method. After filtration, membranes were air-dried on clean
bench at room temperature for 10 min. Yeast viability was
drastically improved to about 60%. However, membrane
was recovery cultivated for 2 h, yeast viability drastically
decrease to 2%. This trouble could be avoided by changing
YM medium to YPD medium (1% yeast extract, 2% peptone,
and 2% glucose).

Summary, improved conditions were follows. Yeast cells
were cultivated in YPDS medium with shaking at 150 rpm,
30 °C for 24 h. Cells were harvested and washed with
sterilized saline (0.9% NaCl) and adhered on cellulose
acetate membrane (0.22 pm). After air-dried treatment,
20 ml YPD medium was added on the membrane and
incubated at room temperature for 1-2 h. Yeast viabilities
were reached at 90%. In the future study, we would like to
evaluate superiority of ion-beam breeding methods
comparing with UV-irradiation.

Filtration
1 device |

B v o e
Fig. 1. Appearance of preparation of the yeast cell samples for ion-
beam irradiation.
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Microalgae biofuel has attracted global attention as a
new energy resource that replaces fossil fuels. Although
there are valuable microalgal strains for biofuel production,
complexity in cultivation process remains as the problem.
Microalgae generally do cell growth by consuming nitrogen
source, and accumulate lipids in the cells after completely
consume nitrogen source. Thus, nitrogen deficiency is a
common trigger for lipid accumulation in microalgae,
however, it drastically inhibits cell growth [1]. To avoid this
trade-off problem between cell growth and lipid
accumulation, this study aimed to develop a breeding
method of microalgae strains that can simultaneously
perform cell growth and lipid accumulation under nitrate-
replete conditions.

In this study, random mutagenesis by heavy ion beams
[2] was combined with nitrate-conditioned and
fluorescence-activated cell sorter (FACS)-based screening.
To prepare a mutant population with high genetic diversity,
marine microalga Chlamydomonas sp. KOR1 was
irradiated with 50 Gy of the carbon ion beams ('2C%*, 220
MeV) accelerated by an AVF cyclotron at TIARA, QST.
Then, the mutants were cultured under the nitrate-replete
conditions, stained with lipophilic fluorescence dye BODIPY,
and subjected to FACS screening. After repeating the
sequential procedures to sort cells with high-BODIPY
fluorescence, KAC1710, which can accumulate lipid under
the nitrate-replete conditions, was obtained (Fig. 1). The
procedure was further repeated using KAC1710 as the
parent. Consequently, KAC1801, which can accumulate
more lipids than KAC1710 was obtained (Fig. 2).

KAC1710 and KAC1801 showed decreases in biomass
production (Fig. 3A) and nitrate consumption (Fig. 3B),
while lipid content and lipid productivity under the nitrate-
replete conditions were significantly improved in these
mutants compared (Fig. 3C and 3D). These results suggest
that restricted nitrate intake triggered direction of carbon
flux to lipid synthesis. KAC1710 and KAC1801
accumulated 19.1% and 26.6% lipid-dry cell weight at day
5, respectively (Fig. 3C). Lipid productivities of KAC1710
and KAC1801 were 112 mg/L/d and 162 mg/L/d,
respectively (Fig. 3D).

The breeding method developed in this study is
assumed to be available in other microalgae. In addition,
development of a sustainable cultivation strategy for
microalgae biofuel production is expected in the future

based on the achievements in this study.
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Bacillus subtilis is known as Gram-positive, rod-shaped,
aerobic, spore-forming bacterium that is naturally found in
soil. Bacillus spores have a hard, layered structure
depositing 2,6-Pyridinedicarboxylic acid (DPA) in their
dehydrated core region containing genomic DNA protected
by acid-soluble small proteins contributing the registance of
the spores against various bactericidal stresses. such as
heat, desiccation, chemical, and radiation [1]. The spores
release DPA from their cores together with hydration during
the germination process and vegetative cells are formed
through subsequent outgrowth and moved to vegetative
growth again. These processes can be monitored by
tracking the turbidity changes of liquid culture because the
refractive index of light scattering changes within the culture
during spore germinaiton. Besides, lonizing radiation
induces DNA damages including single-strand breaks and
double-strand breaks and generates reactive oxygen
species which also induces DNA strand breaks. lon beams
have a high linear energy transfer (LET, keV/um) and give
DNA damage containing double-strand break locally
(clustered damage) than gamma rays do [2].

In this work, we used B. subtilis 168 (trpC2) spores, and
the germination and growth process of the spores was
investigated by °Co gamma rays and ion beam irradiation
in comparison with heat treatment.

The spores of B. subtilis 168 were prepared by
inoculating the vegetative cells onto the Schaeffer’s
sporulation medium [3] at 37 °C for 4 d, harvested and
treated sequentially with 1 mg/ml lysozyme and 1% SDS.
Aliquots (1 mL) of the spore suspensions at 10° CFU/ml
were dropped onto the sterilized cellulose membrane and
dried then irradiated four kinds of ion beams (*He?* [50
MeV; 19.4 keV/um], 2C8* [190 MeV; 148.7 keV/um]; and
20Ne8* [350 MeV; 440.8 keV/um] accelerated by an AVF
cyclotron at TIARA, TARRI, QST or with ®Co gamma rays
(0.2 keV/pm) at Osaka Prefecture University. The
irradiation doses ranged from 0.6 to 6 kGy.

Irradiated spores were recovered from membranes, and
cultivated in 96-well microplate containing LB broth (1 mL)
with shaking by Multiscan GO Microplate
Spectrophotometer. During the cultivation, ODeso of the
culture was automatically measured. Viability of the spores
was determined by colony counting. Heating was also
conducted to the spore at 98 °C to compare the effect on
the germination process [4].

The '2C®* ion beam-irradiated spores showed the most

sensitivity among the ion beams used for irradiations. The
lethal effect of spore was estimated to be in the order '2C®*
>20N g8+ >4He2t,

The initial spore germination process ion—beam
irradiated spores seemed to be similar with ©°Co gamma
rays. Outgrowth phase after the germination became
longer with their irradiation sensitivity increased according
to different LET of each ion beam species (Fig. 1). These
results suggest that damaged sites in spores are similar
between gamma- and ion-beam irradiations.

As ion beams have higher LET values to potentially
cause more intensive damage on the germination system
and DNA damages including clustered damages on the

Bacillus spores, more detailed study should be required.

60Co gamma rays 1206+

0 kgy
2kay /| DK
Y/ AkGy
0 400 800 0 400 800

Incubation time (min)
Fig. 1. Growth curve of ®°Co-gamma and'2C®*-irradiated Bacillus
subtilis spores.
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Actinomycetes, filamentous Gram-positive bacteria, are
a major source of bioactive natural products which can be
drug candidates. Genome analyses of actinomycetes have
revealed the huge number of “cryptic’ secondary
metabolite biosynthetic gene clusters, indicating the
potential of actinomycetes for the production of far more
diverse secondary metabolites than previously thought. We
have studied about the bacterial interaction induced
production of secondary metabolites by actinomycetes.
Tsukamurella pulmonis TP-B0596 (here after Tp) had been
shown to possess ability to induce production of secondary
metabolites by Streptomyces species, which are not

detected or poorly produced in a mono-culture [1]. Until now,

7 classes, total 29 new compounds had been isolated from
the co-culture with various actinomycetes and Tp (the
method named combined-culture) [2]. Object of this study
is to elucidate the gene(s) which are involved in the
response for activation of secondary metabolism within
actinomycetes. Elucidation of the mechanism can lead to
the fundamental understanding of bacterial interaction and
secondary metabolism, as well as application for genetic
tools to discover novel bioactive natural products from
untapped gene matters.

Streptomyces species respond to mycolic acid-
containing bacteria by production of secondary metabolism
in a contact dependent manner [1,3]. Here we employed
forward-genetic study using mutagenesis by heavy ion
beam to investigated the gene(s) responsible for the
responsive production of secondary metabolism induced by
Tp. Using Streptomyces coelicolor JCM4020 as a model
strain, we employed carbon ion beam ('2C%*, 220 MeV)
induced mutagenesis to generate spore mutant library of S.
coelicolor. Then we screened the undecylprodigiosin (RED)
production deficient mutants of S. coelicolor by mixing them
with Tp on agar plates using red / white phenotype of the
colonies as indication. Through this screening, 118 mutants
from around 152,000 tested spores were obtained. We
further tested the phenotype of the 118 mutants by growth
on minimum medium and formation of aerial mycelia, and
finally selected 59 mutants. We first re-sequenced the
genomes from 16 mutants and identified the 44 mutations
[4,5,7]. We performed gene complementation and found
that mutations in glutamate synthase (gltB), elongation
factor G (fusA), and sarA (putative membrane protein)
caused the RED deficient phenotypes [6,7]. We then re-
sequenced the genome of 26 mutants and further gene
complementation study revealed that molybdopterin

biosynthetic enzyme (moeA), and tetR-like transcriptional
regulator (sco1718) are also responsible for the phenotype
differences. We generated a targeted gene disruptants of
tetR-like transcriptional regulator in S. coelicolor A3(2) and
confirmed the over 8-h delayed production of RED by
contact of Tp, compared to the wild-type. (Fig. 1) We
speculate that the TetR-like protein is a repressor for the
expression of adjacent ABC transporter (sco1719-20), thus
efflux of the unknown small molecule is prevented and
accumulated in the cell, which caused stress to cell that can
lead to the RED production.

Asco1718 Tp

|
€

O
(]

Fig. 1. Time lapse analysis of interaction between Tp and the
disruptant (Asco1718) or wild-type (WT) strains.
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Bacillus pumilus strain TUAT-1 (hereafter referred to as
TUAT-1) promotes the growth of several plants, including
that of rice (Oryza sativa L.) and Brassica species [1-3]. An
inoculant was developed using TUAT1 that has been
commercialized in Japan since 2017. TUAT-1 has been
shown to increase shoot and root growth in rice, mustard,
radish, and komatsuna, mainly due to its effects to promote
nutrient uptake by plant roots [4, 5]. Inoculation of plants
with TUAT-1 biofertilizer at sowing and transplanting
resulted in significant changes in plant biomass, nutrient
uptake, tissue N content, tiller number, root length, and the
number of roots in the forage rice [6].

Despite, the large body of experimental evidence on the
growth-promoting effects of TUAT-1, our knowledge of the
conditions required for consistent positive interaction
between the bacteria and the plant in field conditions, is
limited. Generally, bacterial inoculation improves plant
growth and rice yield, but the effects often change by the
soil physical or chemical properties, climate, and target
crops. This makes it difficult for TUAT-1 biofertilizers to be
utilized more efficiently and widely. Thus, the generation of
the TUAT-1 mutants with stable and improved plant growth-
promoting effects might be of great importance in
biofertilizer development. Therefore, the specific objectives
of this study were (i) to determine the best condition for ion
beam irradiation to TUAT-1 and (ii) to screen the TUAT-1
mutants with stable and improved plant-growth-promoting
effects.

The TUAT-1 was grown in LB medium at 37 °C for 16 h.
Aliquots (0.1 ml) of bacterial suspension (5 x 107 cfu/ml)
were dropped onto sterilized membranes in the petri dish
(30 mm diameter) and these dishes were covered with a
sterilized polyimide film. Cells were irradiated at different
doses (0, 100, 150, 250, 500, 1000, 1500, and 2000 Gy)
with helium ion beams (*He?*, 50 MeV) accelerated by an
AVF cyclotron at TIARA, QST. Survival rates were
determined by comparing the number of colonies per dish
and the most appropriate doses to produce mutants were
selected.

As expected, survival rates were decreased by radiation
dose. We could not observe any colony formation in the
cells exposed to 500 Gy or higher. The survival rates were
0.11% for 250 Gy, 1.96% for 150 Gy, and 4.6% for 100 Gy.
We therefore decided to use irradiation dose of 150 Gy to
generate mutants.

It has been reported that TUAT-1 showed higher plant-
growth-promoting effects on rice plants when inoculated as
spores [7]. Thus, the TUAT-1-based biofertilizer “Kikuichi”

is produced using the spores of TUAT-1, however, the
spore-formation of TUAT-1 remains difficult to induce and
spore-forming rate is low. Therefore, screening of the high-
spore forming TUAT-1 mutants is now ongoing. Besides,
we recently obtained the series of evidence that the rice
roots inoculated with TUAT-1 produced less nitric oxide
than uninoculated roots (Yokoyama et al. unpublished). The
nitric oxide is generally known as a signal which controls
various events in plant development including cell division,
meristem formation, and defense responses against
pathogens. The reduction of nitric oxide by TUAT-1
suggests that the TUAT-1 scavenges nitric oxide to promote
its infection and/or induce root development. We therefore
aimed to isolate TUAT-1 mutants that possess higher nitric
oxide scavenging activity. Our efforts are currently directed
toward screening these mutants and we will analyze their
plant-growth-promoting activities when we obtain the
candidates.

In conclusion, we set up the condition of lon-beam
mutagenesis for Bacillus pumilus TUAT-1 as a plant growth-
promoting rhizobacteria. Screening of the TUAT-1 mutants
that possess improved spore-forming activity and nitric
oxide scavenging activity is ongoing. The TUAT-1 mutants
obtained by lon-beam mutagenesis provide useful
resources for screening of various beneficial strains that will
be used for next-generation biofertilizers.
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Introduction

Pheochromocytomas (PCCs) are rare neuroendocrine
tumors with malignant progression. Clinical improvement of
malignant PCCs with B-emitting meta-'3'l- iodo-
benzylguanidine ('3'I-MIBG) constitutes a stage of partial
remission in metastatic PCC [1]. Recently, we reported
strong anti-tumor effects of a-emitting meta-2''At-astato-
benzylguanidine (?''At-MABG) in a PCC mouse model,
suggesting a potential option for targeted a therapy (TAT)
for patients with malignant PCC [2]. We also found that the
gene expression profiles of cell cycle checkpoints displayed
similar modes of cell death via the p53-p21 signaling
pathway after 2"'At-MABG treatment and y-ray irradiation
[3]. This p53-dependent pathway would induce
reproductive cell death, e.g. cell cycle arrest. However, we
have not yet checked for reproductive cell death in
pheochromocytoma (PC12) cells by colony formation
assays because PC12 cells showed strong aggregation.
Here we employed the soft-agar colony formation assay of
PC12 cells by modifying the previously reported method [4].
Materials and methods

Cell culture. PC12 cells were cultured in RPMI1640
medium (Wako, Osaka, Japan) supplemented with 5% v/v
fetal bovine serum (FBS), 10% horse serum (HS), 100 U/ml
penicillin and 100 pg/ml streptomycin in a humidified 5%
CO2, 37°C incubator.

Cell irradiation. PC12 cell suspension was irradiated by
80Co y-rays at the absorbed dose of 10 Gy.

Cell detachment. Several ml volume of PC12 cell
suspension was centrifuged at 200 rcf for 3 min, and
supernatant was removed. Cell pellet was gently
resuspended in 1 ml accutase (Nacalai tasque, Kyoto,
Japan), and incubated for 30-40 minutes in a humidified 5%
CO2, 37°C incubator.

Remove small aggregates. Detached cells were
placed on 10 um and 15 ym double-layered cell strainers
to remove small aggregates fromsingle cells.

Cell count. Passed cells through cell strainer were
manually counted under microscope with a Burker-Turke
hemocytometer equivalent to 10* cells/ml.

Soft agar colony formation assay. Passed single cells
through the cell strainers were diluted to obtain appropriate
number of colonies after culture in a soft agarose. Cells
were suspended in the RPMI1640 medium with 0.3% w/v
agar and the cell suspension was overlaid onto the
RPMI1640 medium with 0.7% bottom agar in 6-cm dishes.
Cells were allowed to grow for 4-5 weeks at the 5% COz,
37°C incubator. Finally, cells were stained with MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide,
Roche AB) for 1 hour and colonies were manually counted

under the microscope.
Results

We carried out the basic examination of soft-agar colony
formation assay for PC12 pheochromocytoma cells. First
issue was the aggregation of PC12 cells. After 30-40 min
incubation with accutase, we found over 80% detached
PC12 cells and could count them by a microscope (Fig. 1
(a)). Next, we examined soft-agar colony formation of PC12
cells with or without y irradiation (Figs. 1 (b) and (c)). 4-5
weeks after y irradiation, we could observe a few PC12
colonies. Plating efficiency was about 0.25 at 0 Gy. A very
dense and prominent morphology like corona virus was a
characteristic of this colony. We will plan to apply this
method to examine the cell-killing effect of 2'"'At-MABG
treatment.

(a) (b)

(c) S

Fig. 1. Detached PC12 cells and colony formation. (a) Detached

cells in a Burker-Turke hemocytometer. (b) Colonies of y-rays
irradiated PC12 cells. (c) Colonies without y irradiation.

a
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Introduction

Non-small cell lung cancer (NSCLC) remains a deadly
cancer worldwide, even with advances in treatment
strategies such as molecular targeted therapy and
immunotherapy. Overexpression of epidermal growth factor
receptor (EGFR) is one of the characteristics of NSCLC,
which makes anti-EGFR drugs an attractive therapeutic
option for this cancer. Molecular imaging with radiolabeled
antibodies, including immuno-positron emission
tomography (PET) imaging, can provide quantitative
information about antibody uptake at a whole-body level in
a non-invasive fashion.

In this study [1], we evaluated the usefulness of 8Cu-
DOTA-cetuximab for the selection of EGFR-overexpressing
NSCLC tumors using xenograft mouse models with human
NSCLC cell lines having various EGFR protein expression
levels.

Experimental

Lung tumor xenografts were prepared by subcutaneous
injection of 5x 108 cells in 100 yL PBS suspension in the
dorsal flank of the mice in awake. The EGFR expression
levels of NSCLC tumors were determined by ex vivo
immunoblotting according to the procedure previously
described [2].

Copper-64 (150-300 MBq) was produced on a cyclotron
via ®Ni(p,n)®*Cu nuclear reaction. For %‘Cu-labeling,
DOTA-cetuximab was dissolved in sodium acetate buffer
and then added to the dried 8#CuClz. The resulting mixture
was incubated for 1 h at 40 °C. Purification of ®#Cu-DOTA-
cetuximab was carried out using PD-10 desalting column.

To study PET usefulness for the assessment of EGFR
expression level in vivo, xenografts of lung cancer cell lines
were intravenously injected with 2-20 MBq 64Cu-DOTA-
cetuximab via the tail vein in awake. Considering the
pharmacokinetics of monoclonal antibody and the physical
half-life of ®*Cu (12.7 h), PET images were taken 48 h after
injection.

Results and Discussion

The whole-body distribution and tumor-targeting
efficiency of cetuximab was visualized non-invasively using
small-animal PET imaging at 48 h after injection of 4Cu-
DOTA-cetuximab in mice with NSCLC xenografts. As
shown in Fig. 1, PET imaging clearly depicted the high
uptake of %4Cu-DOTA-cetuximab in HCC827 xenografts,
which highly overexpress EGFR.

Figure 2 shows the relationship between tumor %4Cu-
DOTA-cetuximab uptake and EGFR expression levels
which were normalized over EGFR-null control H520. A

strong correlation was found between tumor uptake of
64Cu-DOTA-cetuximab and adjusted EGFR band density.

This study has demonstrated that cetuximab uptake in
NSCLC tumors can be assessed by PET using 4Cu-
labeled cetuximab. Significantly high uptake of %4 Cu-DOTA-
cetuximab was noted in NSCLC tumors with very high
EGFR expression levels compared to tumors with medium
or low EGFR expression levels.

These results suggest the potential usefulness of
cetuximab immuno-PET for non-invasive prediction of
cetuximab uptake in NSCLC.
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Fig. 1. Representative **Cu-DOTA-cetuximab PET images in mice
xenograft models with NSCLC tumors with varying EGFR
expression levels at 48 h. Arrows indicate the location of tumors.
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Astatine-211 (2"At) with 7.21 hours of half-life is one of
the promising alpha-emitting radionuclides for the targeted
alpha therapy (TAT), internal radiotherapy using alpha
emitting radioisotopes [1]. 2''At is basically produced by
irradiating He beams with 28-29 MeV to a bismuth (Bi)
target. Irradiations with high beam current (uA order) are
necessary to produce 2'At for preclinical and clinical
studies because they require radioactivity of 2''At on the
order of subGBq to GBq. Low melting point of Bi (273.1°C)
often causes melting of the Bi during irradiation with high
beam current. We have produced 2''At by using a Bi plate
as a target in TIARA. We used to irradiate the Bi plate with
3.5 pA of beam current without Bi melting. However, a Bi
target was unfortunately melted by irradiation with 3.0 pA
of beam current after updating the beam line for
radioisotope production in 2019. As a result, long-time
irradiation has to be needed to produce 2''At enough
amounts for preclinical studies. The aim of this study is
therefore to optimize irradiation condition without
observing Bi melting.

A Bi target and its setup are illustrated in Figure 1. A Bi
target (10x10%x0.25 mmt) was used in this study. The Bi
target (highlighted in red) and Al plate for degradation of
incident energy (highlighted in blue) were set in a target
holder. The incident energy was adjusted to 28-29 MeV.
The target holder was cooled by He gas (front) and
circulating water (back) during irradiations. He gas was
passed through freezers (ice, ice/NaCl, and dry
ice/ethanol). Irradiation time was 1 and 10 minutes.
Produced radionuclides and their radioactivity were
determined by high-purity germanium (HP-Ge) gamma-ray
detector coupled with multi-channel analyzer.

In order to investigate cooling effect by He gas blowing
to the front of the target holder, irradiations were performed
by using He gas passed through three different freezers.

Bi target

AVF cyclotron Al plate

water

=p
v

He gas holder

Bi target (10x10 mm)
on target holder

Freezer
(Ice, Ice/NaCl, Dry ice/EtOH)

Fig. 1. Bi target (left) and target setup (right).

Circulating

Table 1

Target conditions after irradiations and production vyields

(MBg/pA*h).
F N Ice Ice + NaCl Dry ice + EtOH

reezer one (-0°C) (- 20 °C) (-76.5 °C)

Beam Melt Proc!uction Melt Proc!uction Melt| Production |pe¢| Production
current yield yield yield yield
25pA |No | 14.6+2.1 No | 17.3+4.9
3.0pA |Yes| 15.7£3.0 | Yes 14.2 Yes 14.3 No | 18.4+4.6
3.5pA |Yes| 17.6£2.0 No | 185+2.6
4.0 pA No | 19.0+0.45
4.5 pA No | 17.7+2.3

Results of target condition after irradiation and production
yield (defined as MBq/uA*h, radioactivity by irradiating with
1 pA of beam current for 1 hour) of 2"At are summarized in
Table 1.

The Bi target was melted by irradiation with 3.0 pA of
beam current when He gas was not cooled and was
passed through ice or ice/NaCl freezer. On the other hand,
a Bi plate was not melted when He gas was passed
through dry ice/ethanol under the same beam current.
These results indicate that dry ice/ethanol are most
effective to avoid melting the Bi target. Irradiations with
higher beam current were performed by cooling the target
with He gas passed through dry ice/ethanol. As a result,
the target was not melted when irradiating with 4.5 pA of
beam current. Production yield was 17.7 £2.3 MBag/pA*h in
this case. Since the highest beam current was 2.5 pA in
case of no freezer, 3 hours were required to produce over
100 MBq of 2'At. On the other hand, almost the same
amount of 2""At as those with no freezer was successfully
obtained by irradiation for 1.5 hours when He gas was
passed through dry ice/ethanol. Improvement of He gas
cooling allowed us to obtain enough amounts of 2'At for
preclinical studies with shorter-time irradiation. We are
continuing to make efforts for the further improvement of
irradiation conditions such as the use of beam scanning.
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Research on the distribution and dynamics of
photoassimilates in plants, especially those in fruits, is
important for improving food production. Positron emission
tomography (PET) and using carbon-11 (''C) are valuable
to obtain 3-D images of photoassimilates. For plant
experiments, however, it is important to adjust a system to
plant’s growth environment. General PET devices, even
small-animal PET devices, are not suitable for plant studies
for the following reasons. First, the conventional PET
devices are too large to be contained within a growth
chamber. Second, even though it is often important to
visualize the vertical movements of elements or molecules
in plants, the general PET devices are operated horizontally.
This can be solved by using a small OpenPET prototype
which is a compact PET device that has an open space in
its field of view (FOV) [1]. In this work, we upgraded the
OpenPET system for the PET study of fruits and
successfully realized the 3-D imaging of a photoassimilate
labeled with ""CO2 in a fruit of a strawberry plant. The small
OpenPET prototype, which is shown as a schematic shown
in Fig. 1(a), is a compact PET device that can visualize a
variable open space between two detector rings [2-3]. The
two black rings are detector rings covered with a thin metal
cover, with an inner diameter of 110 mm. The axial imaging
FOV is adjustable; 99 mm in case of no open space and
126 mm in case of the maximum open space.

For plant experiments, it is important to adjust the
environment around a target plant because the
physiological functions of plants are strongly influenced by
environmental conditions. The OpenPET is compact
(approximately 55 cm long, 35 cm wide and 40 cm tall), and
can be set in a small-capacity growth chamber. Also, it has
LGSO (Luo.4Gd16SiOs: Ce) as the scintillator, which is not a
deliquescent material. Thus, the OpenPET can be used in
plant growth environments with high temperature and high
humidity. Meanwhile, vertical movements of elements or
molecules in plants are often important in studies on
physiological functions because many plants grow vertically.
The original OpenPET was designed for the use in a
horizontal setup, which is similar to a conventional PET
device. Here, the OpenPET was technically upgraded for
plant studies. Figure 1(b) shows an example of a fruit
imaging setup using the upgraded OpenPET. It can be set
up either vertically or horizontally by mounting it on a
supporting base unit. This improvement facilitates setting a
fruit into the FOV properly.

To examine the reliability of "'C imaging in fruits, an
imaging experiment was performed with an intact
strawberry plant (Fragaria x ananassa Duch. cv. Fukuoka
S6). The ""CO2 gas produced with a compact cyclotron in
the TIARA was fed to the fourth leaf of the strawberry plant.
The secondary fruit was set up at the center of the FOV of
the OpenPET through the hole of the detector rings, and
PET data were measured for 2.5 h.

Figures 2(a, b) show slices of the 3-D PET image of the
strawberry fruit for 165-190 min after the ""CO- feeding and
a time-activity curve of the ''C in the fruit, respectively.
Figure 2(a) shows that the photoassimilates were
accumulated in a part of the fruit. In addition, Fig. 2(b)
indicates that the OpenPET images enable us to conduct
kinetic analysis of the influx of the "C-labeled
photoassimilate into the strawberry fruit. From these results,
we confirmed that the OpenPET was a device suitable for
research of the physiological functions of the
photoassimilates in plants with fruits.
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Fig. 1. (@) Schematic of the compact OpenPET prototype. (b)
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Fig. 2. (a) Tomograms of frames of the 3-D PET imaging of the
strawberry fruit 165-190 min after feeding ''CO,. (b) Time-activity
curve of "'C in the strawberry fruit.
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Although aluminum is toxic to plants, tea accumulates
aluminum in high concentrations. The mechanism for
detoxifying aluminum has not yet been clarified, but it is
presumed that it forms a compound with other elements to
detoxify it. Research is progressing to elucidate the
mechanism that makes aluminum harmless, and it has
been pointed out that it is possible to make other elements
and compounds harmless. Fluorine has been pointed out
as one of the elements forming the compound. In this study,
the micro-PIXE (particle-induced X-ray emission) / PIGE
(particle-induced gamma-ray emission) method was used
to measure the elemental distribution of aluminum and
fluorine in tea leaves, and the possibility of aluminum and
fluorine forming compounds was investigated.

Three types of tea leaves, Samidri, Asahi, and Yabukita,
which were collected at Kyoto Prefectural Tea Research
Institute and had a growth period of 1 year or more, were
used as samples. The tea leaves were cut to a thickness of
120 pm in the vertical direction of the vein using a
microtome (Plant Microtome MTH-1), and freeze-dried for
4 hours. Micro-PIXE/PIGE measurements were performed
using a microbeam line at TIARA, QST. A 3-MeV proton
microbeam was irradiated to the cross section of the tea
leaf. Characteristic X-rays and y-rays from a '9F(p,a y)'®O
reaction were detected with Si(Li) and Nal detectors,
respectively. A beam size was about 1 pmx1 ym, and
beam current was 50 ~ 70 pA during the measurement.

Figure 1 shows the elemental distributions of Al and F in
the surface epidermis obtained by measuring the Samidori
sample. The area around 10 ym on the horizontal axis
corresponds to the epidermis. It can be seen that Al is
localized in the cell wall of epidermal cells. F is also
distributed on the boundary of epidermal cells, but it seems
to have a different distribution from Al. In order to
investigate the difference in distribution in more detail, a
line distribution was created by projecting these
two-dimensional element distributions along the horizontal
axis (Fig. 2). This figure shows that Al has a peak at 10 ym.
On the other hand, F has a peak at 13 pm, which is
different from the position of the Al peak. In the F line
distribution, a peak is seen near 25 pm, however not in Al.
This indicates that the distributions of Al and F are not
perfectly aligned. The primary reason for the discrepancy
in distribution is that the distribution of F in epidermal cells
is different from that of Al, however X-ray attenuation may
also be involved. The energy of Al KoX-ray is 1.49 keV.

Considering the thickness of the cell and the attenuation of
the X-ray, the Al KaX-ray from the cell located deeper than
the sample surface cannot be measured. That is, for Al,
only cells on the sample surface are observed. On the
other hand, the energy of y-rays from F is high at 6 to 7
MeV, and there is almost no attenuation inside the sample,
so y-rays emitted deeper than the sample surface can also
be detected. The thickness of the sample used in this
measurement is 120 pm, which corresponds to the
thickness of several cells, and we cannot exclude the
possibility that we are observing several cells on top of
each other with respect to F. A more detailed discussion of
F distribution in the cell would require measurements on
thinner samples.
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Fig. 1. Two-dimensional elemental distribution of Al (left), and F
(right) near epidermal region obtained with a Samidori sample.
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Fig. 2. Line distributions of Al (black) and F (blue) near epidermal
region.

— 107 -

QST Takasaki Annual Report 2019



2-27

Identification of Multi-element Accumulation Mechanism

in Legume

J. Furukawa®, N. Suzui®, Y.-G. Yin?), K. Kurita®), M. Koka®, N. Yamada®, R. Yamagata©®),
N. Kawachi® and T. Satoh®

3)Life and Environmental Sciences, University of Tsukuba,
b)Department of Radiation-Applied Biology Research, TARRI, QST,
¢)Department of Advanced Radiation Technology, TARRI, QST

Plants need various elements for its growth. Not only
major elements, such as nitrogen, phosphorous and
potassium, but many essential trace elements are needed
for plant development. The analysis of trace element
content and localization in the focused organ or tissue is
important to identify its functions. Especially, under some
stress conditions, information about the localization of
trace elements in the tissue level is highly valuable for
investigating where the deficiency or toxicity of elements is
perceived and how to control the mechanisms for keeping
homeostasis of plant body. Micro-PIXE (Particle Induced
X-ray Emission) method can detect multi-element
distributions in the same sample and visualize those
localizatons with high-resolution images [1, 2, 3]. As for the
element behavior induced by its deficiency or excess, the
regulations of the activities in root mineral uptake and/or
root to above ground part, shoot, translocation are well
observed. Therefore, we combined the PETIS (Positron
Emitting Tracer Imaging System) technique, which has a
huge advantages in measureing element translocation in
plants [4, 5], with Micro-PIXE. In this study, iron (Fe)
localization in the roots and zinc (Zn) translocation activity
of Lotus japonicus were focused. Because, Fe and Zn
transfer is closely related in some uptake steps. L.
Japonicus is a model legume and its two experimental lines,
MG-20 and B-129, have a diversity in some metal
concentrations including Fe, Ni, Cu and Zn in seed [6].

In the comparison of two cultivars of Lotus japonicus,
MG-20 and B-129, it was suggested that B-129 had a low
activity of iron translocation from root to shoot. To clarify
the difference of iron transport mechanism, atmospheric
Micro-PIXE analysis was carried out using their root
tissues. As for the preparation of PIXE imaging, root
samples were embedded in the compound for a freeze
sectioning and sliced to 20-100 ym sections by freezing
microtome and then pasted on the polycarbonate film for 3
MeV H* beam exposure. The iron accumulation was well
observed around the vascular bundle tissue in B-129 root.
The vascular specific localization patterns suggested the
iron transport was suppressed at the step of xylem loading
of iron. To confirm the effect of this deficit of Fe
homeostasis on the multi-element accumulation observed
in B-129, Zn behavior was investigated under several Fe
nutrition conditions using PETIS system. After 7 days
cultivation of MG-20 and B-129 with hydroponics using
1/10 Hoagland's solution, plants were transplanted to Fe
deficient (1/10 Fe) and Fe excess (10X Fe) solutions for 3
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Fig. 1. Real-time %2Zn localization images obtained by PETIS. Six
plants and solution containers are observed in each frame and the
samples are MG-20s (Control, 1/10 Fe, 10 X Fe) to B-129s
(Control, 1/10 Fe, 10 XFe) from left to right. Each plant was
treated with indicated solution for 3 weeks before the PETIS
measurement.

weeks and then subjected to PETIS measurements. In our
previous experiments using four-day-treated samples, low
Fe sample showed high Zn uptake and high Fe treatment
induced the suppression of Zn uptake in B-129. However,
in this three-week-treated samples experiment, high Fe
concentration treatment showed active Zn translocation
from root to shoot in B-129 (Fig. 1). These results suggest
Fe condition in the plant body also regulates Zn uptake
and translocation activities in Lotus japonicus, especially in
B-129. For identifying responsible mechanisms in these
different Zn behaviors, gene expression analysis involved
in Zn uptake and translocation are under investigation.
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Soybean shows higher nutrient uptake compared to
other crops, and it has been suggested that symbiotic
bacteria such as rhizobia are involved in element uptake.
Elucidation of mechanism of cesium- and coexisting
element-uptake in soybean root system is indispensable
for development of radiocesium reduction technology of
soybean. The purpose of this study is to clarify the
distribution of radiocesium in roots and nodules of soybean
and to elucidate the transportation route from the root
system to the above-ground parts.

The Japanese soybean cultivar Enrei infected with the
rhizobia (Bradyrhizobium japonicum) was cultivated for
about one month by hydroponic culture. It is known that the
amount of cesium uptake in soybean is strongly influenced
by the concentration of coexisting potassium. Therefore,
the potassium concentration in the hydroponic solution
was reduced to 1/100 of the normal composition to
acclimate to the low potassium concentration condition
before the positron emitting tracer imaging system (PETIS)
analysis. In this experiment, pulse-chase experiment was
conducted to evaluate cesium absorption in the root
system and radiocesium transport behavior to the stem.
Positron-emitting cesium-127('?7Cs) was produced and
purified in the Takasaki lon Accelerators for Advanced
Radiation Application (TIARA), applied to the soybean root
system for 16 hours (pulse experiment), and then the
hydroponic solution was replaced with another solution
without '?’Cs (chase experiment).

As a result of real-time imaging analysis by PETIS,
accumulation of '27Cs was confirmed in roots and nodules,
and remarkable accumulation was observed in nodules
(Fig. 1). The '?Cs signal of roots showed a decreasing
tendency with time, and it was considered that '?’Cs
decreased by transportation to the stem. It was confirmed
that '2’Cs signal showed a similar decreasing tendency in
nodules as roots in the strains with low cesium absorption,
and it was suggested that nodules are also involved in
radiocesium transport to the stem. On the other hand,
127Cs signal in the nodules gradually increased when the
root system abundantly absorbed '?’Cs. The increase of
cesium signal in the nodules was considered to be due to
translocation from the roots, suggesting that cesium was
transferred between root and nodules. In addition, the
elemental distribution in soybean roots and nodules by
micro particle induced X-ray emission (microPIXE)
analysis showed a difference in the distribution of cesium
and potassium in each root and nodule [1]. It is considered
that these show different roles of root and nodule

inabsorption and accumulation of cesium/potassium.

In these real-time image analysis and elemental
distribution analysis, radiocesium was significantly
accumulated in the nodule tissue, and radiocesium
transport between the root and the nodule was confirmed.
These suggested that the nodule tissue is also involved in
radiocesium supply to the above-ground plant parts.

Fig. 1. Real-time imaging by PETIS on '?’Cs uptake in soybean
roots and nodules (Chase experiment).
*White arrow indicates the position of nodules.
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Particle-beam therapies have been established as
radiation treatment with less damage to normal tissues
because of its pinpoint-irradiation ability. However, if the
irradiated beams shift due to anatomical changes in the
patient's body, there is a risk of irradiating high doses to
normal tissues. In order to detect such mis-irradiations, a
new method based on measuring prompt X-rays, which
mainly consist of secondary electron bremsstrahlung
(SEB), was proposed [1-4]. In this work, we have
evaluated an estimation ability of shifts of therapeutic
carbon-ion beams owing to cavities in a polyethylene
target using the method measuring prompt X-rays.

Beam irradiation experiments were performed at the
Hyogo lon Beam Medical Center (HIBMC). Figure 1 shows
a diagram of the experimental setup. Carbon-12 beams
having the energy of 241.5 MeV/u were irradiated on a
polyethylene target consisting of high-density polyethylene
plates (10.0 cmx10.0 cmx 0.3 cm) stacked on a table. We
prepared two types of plates: one was “perforated plate”,
which had a square-shaped (5.0 cm x5.0 cm) central hole;
and the other was “normal plate”, which had no holes. The
outer dimension of the target was 10.0 cmx10.0 cmx23.4
cm. The target had a square-prism-shaped cavity made by
sandwiching a cavity layer. The cavity layer made of
perforated plates between two layers made of normal
plates. The thickness of the cavity layer was changed from
3.0 cm to 0.0 cm with 0.3-cm steps by exchanging
perforated and normal plates. The number of the injected
ions was 7.5x 10" for each setup of the cavity layers.
Each irradiation time was 60 seconds.

An X-ray camera, named “YAP camera-S”, was utilized
to measure the SEB images. Details of the camera was
explained in another paper [4]. The camera consists of a
tungsten-alloy radiation shield and a Ce-doped YAIO3
(YAP(Ce)) plate optically coupled to a high quantum
efficiency cross-wire anode-type position sensitive
photomultiplier tube (PS-PMT). The radiation shield had a
wide-angle pinhole collimator on the front face of it. The

lcarbon—ion beam

! __—cavity X-ray camera
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Fig. 1. A diagram of the experimental setup.

camera was placed at the distance of approximately 44 cm
apart from the beam axis.

Acquired images are shown in Fig. 2(a)-(c). The beam
trajectory and a gap on the trajectory in the targets clearly
appeared for the image of 3-cm cavity. As the thickness of
the cavity layer decreases, the end position of the
trajectory seems to move up correctly and the gap on the
trajectory seems to decrease correctly. Figure 2(d) shows
correspondence between the cavity-layer thicknesses and
the beam shifts estimated from the acquired images. The
actual beam shifts well coincided with the estimated beam
shifts and the maximum fluctuation of the estimated shifts
was small, approximately 0.2 cm.
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Fig. 2. Acquired prompt X-ray images for cavity thicknesses of (a)
3.0, (b) 1.5 and (c) 0.0 cm and (d) correspondence between the
cavity-layer thickness and estimated beam shifts. The red dashed
and solid lines in (a)-(c) represent the outlines of the targets and
cavities and the Bragg-peak positions, respectively.
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Roots in higher plants play an important role in plant
survival. In order to survive under various environmental
conditions, plants secrete various substances from their
roots to function in the rhizosphere. The source of these
materials secreted from roots is the photosynthetic
products transported to the roots via phloem. To elucidate
the mechanisms of their transport via phloem and to
control them will help to improve crop productivity.
Recently, Yin et al. reported that C-11 was rapidly
translocated to their roots and secreted into the
rhizosphere in leguminous plants such as soybean and
lupin plants [1]., In this study, we attempted to compare the
behaviors of photosynthetic products in oilseed rape plants
with that of leguminous plants using positron emitting
tracer imaging system (PETIS).

We conducted noninvasive imaging experiment using
oilseed rape plants (Brassica napus) as described
previously [2] with small modification. "COz2 gas tracer was
produced at TIARA and fed to the leaves of an oilseed
rape plant. The dynamics of C-11 in the intact plant was
monitored by PETIS every 10 s for 150 min.

Figure 1 shows serial images of C-11 distribution in the
oilseed rape plant. Regions of interests (ROls) were set in
the stem (about halfway between the point where the
petiole branches and the shoot base) (ROI-1) and the
shoot base (ROI-2). Time course of ''C-radioactivity
(Time-Activity Curve: TAC) in each ROl was generated
from the serial images (Fig. 2). There was a difference in
the onset of signal accumulation between the stem and the

120min

100min

110min

130min

shoot base. The intensities of the signals in both ROls
reached almost identical at 120 minutes after the start of
"CO2 absorption into the leaves of oilseed rape plants.
The result indicates that the rate of carbon translocation in
oilseed rape plant was much slower than in leguminous
plants. Future analysis of obtained imaging data will
provide clues to elucidate the molecular mechanisms of
material secretion in root.

References

[11Y.G.Yin et al., Sci. Rep. 10, 8446 (2020).

[2] N. Kawachi et al., Nucl. Instrum. Meth. Phys. Res. A
648, S317 (2011).

10000

7500 |

5000

PETIS counts

2500 [

Time (h)

Fig. 2. Typical Time-Activity Curves in ROI-1 (the base of stem)
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Fig. 1. Serial images of ''C distribution in the root area of oilseed rape plant. Each image comes from the integration of 60 original

images collected every 10 s.
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Effects of Titanium Fluoride to Inhibition of

Demineralization and Distribution of Elements
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Introduction

The previous report said that lower pH of titanium
fluoride (TiF4) solution made distribute more fluorine (F) and
titanium (Ti) into the tooth structure when the tooth was
applied with various pH of TiF4 and subjected pH cycling for
8 weeks [1]. The purpose of this study is to evaluate the
distribution of fluorine and titanium, and lesion depth of the
specimen after a long period of pH cycling.
Materials and methods

Extracted human teeth were sliced (300 ym thickness)
longitudinally, coated with wax except for buccal dentin
surface. Specimens were performed on pH cycling (pH 4.5
and 7.0, 6 cycles/day; simulate oral condition) for 20 weeks
to prepare artificial carious dentin. During this cycle,
specimens were soaked into 1% TiF4 solution adjusted to
pH 4(P4), 5(P5), 6 (P6), unadjusted solution (pH 1: P1), or
1.35% (same as fluoride concentration of 1% TiF4) NaF for
5 min once a week. Control (Cont) involved no fluoride
application during test periods. After cycling, calcium, F,
and Ti distribution were analyzed by an in-air micro-
PIXE/PIGE system with a 1.7-MeV 'H* microbeam at
TIARA [1]. Then the cumulative concentration of F or
cumulative contents of Ti in each specimen was calculated
as an area of 100 ym from the defined surface [1]. Each
specimen was observed with a polarizing microscope, and
then the lesion depth of each specimen was measured. The
obtained data (n=28) were analyzed by a Kruskal-Wallis
test and Steel-Dwass test (a=0.05).
Results

Figure 1 or 2 shows the distribution of F or Ti,
respectively. P1 indicated the highest value of F or Ti
among all groups. For F distribution, there was no
significant difference between P4, P5, P6, and NaF. Cont
had lowest F. For Ti distribution, P4 and P5 indicated higher
value than P6. NaF showed a significantly lower value of Ti
than all TiFs4 solutions, and no significant difference
compared with Cont. Figure 3 shows the lesion depth of
each group. P1 indicated lower depth than that on NaF, and
Cont indicated higher depth than that on fluoride-treated
groups.
Discussion

Low pH (P1) solution indicated higher F or Ti distribution
than another pH of TiF4 because dentin was more
demineralized and then larger amounts of elements
infiltrated into dentin. Higher F or Ti may contribute with
lower lesion depth than NaF or Cont, however, P1 showed

no significant F than NaF. Ti might have an ability to the
prevention of demineralization. Among P4, P5, and P6, the
distribution of Ti showed a significant difference, but there
was no difference of F because of the difference of atomic
size on Ti and F. It is suggested that the TiF4 solution may
be expected to caries inhibition compared with NaF.
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Fig. 1. Concentration of penetrated fluorine into dentin at 100 um
depth area from superficial surface (ppm x um). Same letters no
indicate significant differences (p>0.05).
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Fig. 2. Concentration of penetrated titanium into dentin at 100 um
depth area from superficial surface (10* counts/Cu countsxum).
Same letters no indicate significant differences (p>0.05).
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Fig. 3. Lesion depth of each specimen (um). Same letters no
indicate significant differences (p>0.05).
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Application of Micro-PIXE/PIGE Analysis for Two

Biological Researches: Boron Analysis for Neutron
Capture Therapy, and Targeted Anticancer Drug Delivery
Directed by Radiation

S. Harada?), K. Nakai®), E. Sakurai® and T. Satoh?

a)School of Medicine, Iwate Medical University:
b)School of Medicine, University of Tsukuba,
©)Faculty of Pharmacy, Iryo Sosei University,
9Department of Advanced Radiation Technology, TARRI, QST

We performed three studies to demonstrate useful
applications of micro-particle-induced X/gamma-ray
emission (micro-PIXE/PIGE) camera in biomedical
research, aiming to improve cancer radiotherapy.

Study of the utility of micro-PIXE camera in boron
neutron capture therapy (BNCT)

To investigate the utility of the micro-PIGE camera in
BNCT, imaging of intra- and extracellular borocaptate
sodium (BSH) in rat C6 and human U251 glioma cells was
attempted in vitro. Micro-PIGE imaging was performed in
TIARA by detecting the 2.124-MeV gamma-rays from
"B(p,p’y)""B. This time, the sensitivity of the micro-PIGE
camera has been improved by changing the previous
Nal(Tl) detector with a new HPGe detector providing high
energy resolution. As a result, obtained superior images by
detecting the 429-MeV gamma-rays from '°B(p,ay)’Be
enable us assess the kinetics of B between intra- and
extracellular in the U251 glioma cells (Fig. 1).

BPA Zhr aspiration BPA Zhr wash BPA 24hr aspiration

Fig. 1. Images of 10B in U251 glioma cells, obtained using a HPGe
detector.

Study of targeted delivery of carboplatin using
particles that release their contents upon radiation

To study the targeted delivery of carboplatin, the
nanoparticles were prepared by spraying a mixture of
hyaluronic acid and alginate; supplemented with
carboplatin, into a solution of CaClz and FeCl2 through a 0.8
um pore stainless mesh filter. The 1x10'° nanoparticles
were injected intravenously into tumor model mice, which
irradiated by 10 or 20 Gy of 100-keV soft X-ray when the
nanoparticles were accumulated around the tumors with
maximum 9 hours after injection. On subsequent irradiation,

the accumulated nanoparticles (Fig. 2 A) released
carboplatin (Fig. 2 B). The outer shells were gelatinized,
prolonging the intratumoral localization of carboplatin and
synergistically increasing the antitumor effect in
combination with radiation (Fig. 3 A, B)[1].

Fig. 2. Releasing of carboplatin from particles upon radiation.
A: Unirradiated particle.B: Irradiated particle

- 220Gy
10Gy 20Gy

Tumor diameter (mm)
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5 0 15
Days after treatment

Unirradiated Particle

20Gy only

5 10 15
Days after treatment
—e—Control
Carboplatin only

e—Unencapsulated carboplatin + 20 Gy —e—encapsulated carboplatin + 20 Gy

Fig. 3. Antitumor effect. A: 10 Gy, B: 20 Gy.
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Associated Interstitial Lung Disease by In-Air Micro-PIXE
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a) Department Respiratory Medicine, Gunma University,
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Introduction

Collagen disease is a systemic disorder in which
connective tissue abnormalities of systemic organs such as
the skin, kidneys, lungs, and lymph nodes are caused by
abnormal functions of the immune system. The cause of
collagen disease has not been clarified yet, but it has been
suggested that exposure to heavy metals and silica may be
the cause of vasculitis and scleroderma. There is also a
report that the concentration of silica in blood is high in
patients with scleroderma. Therefore, we performed
elemental analysis of surgically resected lung tissue
complicated with collagen-vascular associated interstitial
lung disease (CVD-ILD) by in-air micro particle induced X-
ray emission (micro-PIXE) and compared the accumulated
elements in the lungs between control and CVD-ILD lungs.
Materials and Methods

Video-assisted thoracic surgery (VATS) in 5 patients with
CVD-ILD was performed at the Gunma University Hospital
between 2008 and 2014 consecutively. Normal lung tissue
sections resected from early-stage lung cancer patients
(n=5) were analyzed as control lungs to compare the tissue
elements in the CVD-ILD lungs. The surgically obtained
paraffin-embedded lung tissue specimens were dissected
and traced onto a polycarbonate membrane. The tissue
section on a polycarbonate membrane was subjected to an
in-air micro-PIXE analysis, as previously described [1].
Statistical analyses were performed using the GraphPad
Prism. This study was conducted in accordance with the
tenets of the Declaration of Helsinki and approved by the
Gunma University Hospital Institutional Review Board
(approval number: HS2020-049).
Results

In-air micro-PIXE detected various inorganic elements
such as aluminum, magnesium, silicon, iron, and zinc.
Relative ratio of these elements compared to sulphur was
lower than those of calcium or phosphate (Fig. 1A).
Interestingly, both silicon and zinc were significantly
increased in the CVD-ILD lungs (Fig. 1B).
Discussion

Silicon and zinc were increased in the CVD-ILD lungs.
Inhalation of inorganic elements may be partly involved with
the pathogenesis of CVD-ILD.
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Fig. 1. Comparison of accumulated elements in the lungs between
control (n=5) and collagen-vascular associated interstitial lung
disease (CVD-ILD) (n=5) patients.

A: Rader chart of accumulated elements in the lungs of control (left)
and CVD-ILD (right) patients.

B: Significant elevation of silicon (Si) and zinc (Zn) in the CVD-ILD
lungs compared to the control lungs (¥%¢ P<0.05).
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Estimation of DNA Damage Localization of

4OAr3*.irradiated DNA Using Fluorescence Anisotropy

K. Akamatsu, N. Shikazono and K. Satoh

Institute for Quantum Life Science, QST

Introduction

lonizing 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. However, detail of the damage is
unknown. We have already developed a method for
estimating localization of apurinic/apyrimidinic sites (APs)
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 [1]. We succeeded in estimating qualities of
clustered APs produced in “He?*-, '2C%- 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 [3]. The new protocol using
homo-FRET enables us to estimate DNA damage
localization without any enzymes and improves sensitivity
to detect a clustered damage.

Experiments
eSample preparation and irradiation

PUC19 digested by Sma | 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. Eight microliters of the DNA
solution was mounted on a 10 mm¢ glass plate (thickness:
~0.1 mm), and was irradiated with 4CAr'3* (7.55 MeV/u,
LET: ~1890 keV/um, HY) at doses of 2, 5, 10kGy.
Moreover, %Co y-rays were also used as a standard
radiation source at Kyoto University. In addition, as another
reference, Fenton reagents-treated DNA was prepared.
ePreparation of fluorophore-labeled irradiated DNA and
FRET observation [3]

The irradiated DNA (10 pL in water) and 10 uL of 100
mM Tris-HCI (pH 7.5) were mixed in a microtube. Two
microliters of Alexa488/DMSO was added to the DNA
solution and was incubated for 24 h at 35 °C. The
fluorophore-labeled DNA was purified by ethanol-
precipitation followed by ultrafiltration. The fluorescence
anisotropy was measured at 525 nm (ex. 470 nm).

The anisotropy, < r >, is defined as follows:

<r>=(lw- Glvn) !/ (lvw +2:G-lvr)
where Ivv is the fluorescence intensity when the excitation
and emission polarizers are both vertically oriented. Ivy is
one when the excitation/emission polarizers are
vertically/horizontally oriented. G is the grating factor
defined as Inv/IHA.
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Fig.1. Fluorescence anisotropy of DNA irradiated with °Co y-rays
(e), °Ar'>* (A), and of Fenton-treated DNA (m) as a function of
averaged AP density. The broken line indicates a theoretical one
when APs are randomly distributed on DNA.

Results and Discussion

Figure 1 shows relationships between averaged AP
density and fluorescence anisotropy, <r>, for Ar ion, ¢°Co
y-rays, and Fenton reagents- treated DNA. This indicates
that <r> for Ar ion tends to form clustered AP lesions more
than the y-rays. <r> data of these two radiations seem to
be almost constant within the range of AP density shown
here. On the other hand, interestingly, Fenton-treated DNA
is more likely to produce clustered lesions with increasing
AP density in comparison to the others. However, these
Fenton data imply that the cluster would not be formed at
once (e.g., by an OH radical) but sequentially.
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Development of New Strains with Sporeless Mutation in

Mushrooms Using lon Beam Irradiation

M. Ishikawa?, M. Takano?), Y. Hase?, S. Nozawa® and K. Ouchi®

aMushroom Research Laboratory, Hokuto Corporation,
b)Department of Radiation-Applied Biology Research, TARRI, QST,
¢)Department of Research Planning and Promotion, QuBS, QST

To develop novel strains of sporeless mutants, protoplasts derived from a commercial strain of Pleurotus sp. were
irradiated with 50 MeV helium ion beam. As a result, two sporeless mutants were obtained with the dose of 50 Gy and 100
Gy. Frequency of sporeless mutation and other mutations suggested that 100 Gy was the proper dose to develop sporeless

mutants with sufficient quality for commercial use.
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Fig. 1. Effects of ion beam irradiation on survival rate of
protoplasts.
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Fig. 2. Fruit bodies and spore prints on black paper of HOX 1

and sporeless mutants obtained by ion beam irradiation.

Table 1
Relationship between suvival rate and mutation frequency.

Survival Number of Number of mutants (Mutation frequency)
rate (%) tested colonies Sporeless Other Sporeless+Other

0-10 23

11-20 471

21-30 104

31-40 413 3 (0.73%) 3 (0.73%)
41-50 2253 1.(0.04%) 11(0.49%) 12 (0.53%)
51-60 3065 1 (0.03%) 8 (0.26%) 9 (0.29%)
61-70 551

71-80 200

81-90 377
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Characterization Study of Hollow lon Beams Formed

Through Nonlinear Focusing of Multipole Magnets

Y. Yuri®), T. Yuyama®, T. Ishizaka?® and M. Fukuda®

a)Department of Advanced Radiation Technology, TARRI, QST,
b)Research Center for Nuclear Physics, Osaka University

Applying a nonlinear focusing force to a charged-
particle beam properly, it is possible to generate different
extraordinary beam intensity distributions that cannot be
realized through common linear-focusing systems or that
are difficult to achieve through beam scanning. We,
therefore, study the beam profile manipulation based on
nonlinear focusing force produced by multipole magnets
so that the shape, size and distribution of a beam can be
tailored for advanced, dedicated utilization especially in
high-energy or high-power accelerators. In fact, we
recently demonstrated that a hollow transverse beam
profile with different cross-sectional shapes can be formed
using octupole magnets [1]. The cross-sectional shape of
the hollow beam can be changed through the gradient of
the octupole magnets. We further experimentally
investigated the characteristics of the hollow beams
toward the utilization of such a unique beam [2].

The beam experiment was performed at the LB line of
the TIARA cyclotron where two octupole and two sextupole
magnets were installed together with several quadrupole
magnets. 10-MeV proton and 190-MeV '2C%* ion beams
were chosen for the study. We first confirmed that the
hollow beam with almost equivalent characteristics (beam
size and cross-sectional shape) can be formed through
almost the same beam optics for both beams. This
indicates that the nonlinear-focusing effect of multipole
magnets does not strongly depend on the initial
characteristics of the beam, i.e., beam emittance.
Therefore, the dependence of the hollow beam profile on

(a) Lower emittance

(b) Higher emittance
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Fig. 1. Dependence of the hollow profile on beam emittance. A
190-MeV '2C®" jon beam was focused into an approximately round
hollow profile using two octupole magnets. (a) Lower-emittance
beam without multiple scattering. (b) Scattered higher-emittance
beam. In both cases, the parameters of the beam optics are the
same except for multiple scattering in (b). The 1D distributions

along the horizontal axis are also plotted in the lower panels.

the beam emittance was investigated for the carbon ion
beam. In order to obtain a higher-emittance beam, the
beam extracted from the cyclotron was multiply-scattered
using a thin aluminum foil (before nonlinear focusing). The
emittance of the scattered beam is estimated to be
increased several times. (The energy loss of the beam due
to multiple Coulomb scattering is sufficiently small (~0.1%),
according to an estimate with SRIM.) Then, the beam was
transported and focused into a hollow profile through the
same beam optics. The hollow-beam profiles are shown in
Fig. 1. For an original lower-emittance beam (Fig. 1(a)), a
steep peak is generated at the radial edge. The transverse
size of the hollow beam is 72 mm in diameter. On the other
hand, for a scattered higher-emittance beam, the peak
height is reduced and the intensity of background particles
is increased around the main part. However, the diameter
and round shape of the primary hollow beam in Fig. 1(b)
are almost unchanged despite the large difference in
emittance. We confirmed that this experimental result is
consistent with the results of theoretical analysis and
particle tracking simulations.

Another characteristic of the hollow beam was explored
toward the utilization of the beam at the Research Center
for Nuclear Physics, Osaka University [3]. As a possible
application of the beam, high-energy hollow beam
irradiation along the side surface of a cylindrical muon
production target is studied to improve the yield of
low-energy muons that are produced at the side surface of
the target. Therefore, the effect of multiple scattering of a
hollow beam (392-MeV proton) while passing through a
long target material (20-cm-long graphite) was investigated
by tracking simulations. We confirmed that the round
cross-sectional shape and hollow profile are approximately
maintained even at the rear side of the target.

In summary, we have revealed basic characteristics of
the hollow beam, especially in terms of beam emittance
and multiple scattering. The present result shows that, with
a properly-designed beam optics, the hollow beam formed
through nonlinear focusing can be applied to irradiation of
a long target.

This work was supported in part by JSPS KAKENHI
(JP18K11934) and JST OPERA (JPMJOP1721).
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Development of Pepper-pot Emittance Monitor in

Low-Energy Beam Transport Line of the Cyclotron
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A pepper-pot emittance monitor (PPEM) [1] has been
developed to obtain the four-dimensional (4D) emittance
data, which are required for the beam transport calculation
to improve beam transport efficiency in the low-energy
beam ftransport line of the TIARA AVF cyclotron. The
transport efficiency from the HYPERNANOGAN electron
cyclotron resonance (HECR) ion source to the cyclotron is
less than 50%. The beam loss mainly occurs in the section
between the beam diagnostic station (HS2) just after the
analyzing magnet and the second diagnostic station (1S1).
Since the existing emittance monitor (EM) is located
downstream of IS1, it is difficult to study methods for
improving the beam transport efficiency by beam transport
calculation. Therefore, PPEM, which has a relatively small
installation space and can obtain the 4D emittance data,
was installed just after HS2.

The PPEM consists of a pepper-pot (PP) mask, a
multichannel plate (MCP) with phosphor screen, a mirror,
and a CMOS camera, as shown in Fig. 1. In order to
measure various beams with different divergence angles,
the distance between PP mask and MCP must be variable
so that size of the beam image on the PP mask can be
adjusted. Therefore, by placing each of MCP and the
camera on the movable stage, the distance between PP
mask and MCP can be changed while keeping the
distance between the camera and MCP. The measurement
method of beam emittance with PPEM is as follows: The
ion beam from the HECR ion source is intercepted by PP
mask which has a grid pattern of holes with diameters of
0.1 mm each and pitch of 2 mm. The beam transmitted by
these holes are projected onto the phosphor screen of
MCP located at downstream of PP mask. The beam image
of the fluorescent screen in vacuum is deflected by the
mirror and taken by the camera in the atmosphere through
the window.

In order to evaluate emittance, it is necessary to
determine the divergence angle of each pixel in each
beam by correctly setting the distance per pixel and the
position of each hole of PP mask in the image. The
distance per pixel of the image obtained by the camera
was calibrated from the marking points on the MCP holder
before measurement. The position of PP mask hole on the
camera image is determined by extrapolating the beam
positions measured at each MCP position in the beam axis
direction. The divergence angle is calculated by the
distance between the pixel position in each beam and
corresponding PP mask hole divided the distance between
PP mask and MCP.

The emittance measurement test of PPEM was
performed using a “He?* ion beam extracted at 8.52 kV

+—+ Camera stage
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Fig. 1. Schematic view of PPEM.

from a HECR ion source. As a result, the intensity
distributions in the real space (x-y) and in the phase space
(x-x") and (y-y") were obtained from the camera image, as
shown in Fig. 2. In this case, the 80% emittance was 166 1T
mm mrad in the x direction and 189 ™ mm mrad in the y
direction. It was also found that these measurements to
analysis can be performed at a cycle of about 1 Hz.

The 4D emittance data can be obtained by another
analysis program and will be used for the beam transport
calculations to improve the beam transport efficiency.

¥ mm)

Fig. 2. Measured Image and particle distribution in the transversal
plane of (X, Y), and the phase space of (X, X’) and (Y, Y’).
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Formed in Adsorbent
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Trivalent minor actinides (MA(lll): Am and Cm) are
contained in high level liquid waste (HLLW) generated from
reprocessing of spent nuclear fuel possess radiotoxicity.
Partitioning and transmutation of those elements are
important strategy for sustainable nuclear energy [1]. Japan
Atomic Energy Agency has been developing an extraction
chromatography technique for practical MA(IIl) recovery
process [2]. We have desinged an appropriate flow-sheet
for the MA(IIl) recovery consisting of a 2 step-column
operation of MA(lll)+lanthanides (Ln(lll)) recovery and
MA(I)/Ln(lll) separation [3]. In the first column, Tetraoctyl
diglycolamide (TODGA) emplyed as impreganated
adsorbent (referred as TODGA/SiO2-P), and MA(III)+Ln(lII)
recovery was successfully done from simulated HLLW
containing tracer amount of MA(IIl). However, MA(lII)
recovery performance from genuine HLLW was poor due to
strong MA(II1)-TODGA complex formed in the adsorbent.
Currently, we are focusing on Tetraethylhexyl diglycolamide
(TEHDGA) extractant which has less affinity for MA(lll) and
Ln(l11) than TODGA for better MA(lll) recovery performance,
and conducting series of fundamental studies for
characterization of TEHDGA/SiO2-P adsorbent. One of our
interests is correlation between adsorption performance
and strucure of complex formed in the adsorbents. In this
study, the structural information of Eu-DGA complexes was
investigated by Extended X-ray Absorption Fine Structure
(EXAFS) analysis and lon Beam Induced Luminescence
(IBIL). Eu and MA(IIl) are considered to form similar
complexes with the DGA.

Eu-Lu edge (keV) EXAFS measurements were carried
out at the BL5S1 beamline of Aichi Synchrotron Radiation
Facility, Japan. The adsorbent was put in a SUS flat washer
with 1 mm thickness and 10 mm inner diameter, and then
sealed by two Kapton films.

The IBIL measurements were performed using the
ILUMIS system equipped in the light-ion microbeam line
connected to a 3-MV single-ended accelerator in TIARA. A
few tiny particles of the adsorbent were put on a Kapton film
attached to a sample holder, and sealed by a Kapton film.
The samples were irradiated by a 3 MeV proton beam with
beam current of about 100 pA. The IBIL Spectra were
observed by an UV-vis spectrometer (Solid Lambda CCD,
Spectra CO., Ltd.).

Two adsorbents showed similar adsorption coefficient at
high acidic condition, whereas the adsorption ratio onto
TEHDGA/SiO2-P was smaller than that onto TODGA/SiOz2-

P at low acidic region. This feature is considered to be
contribution of better elution performance.

The EAXFS analysis of Eu loaded in TODGA/SiO2-P and
TEHDGA/SiO2-P revealed that the number of nearest
oxygen around Eu in the TEHDGA/SiO2-P system was
smaller than that in the TODGA/SiO2-P system at the low
acidic region. The difference might correlate to the different
adsorption behavior.

The IBIL spectra obtained for the adsorbents at low
acidic condition are shown in Fig. 1. Characteristic peaks
could be attributed to the transition of 4f electrons in Eu3*
ion. A distinct difference in the two systems was the shape
of spectrum at A =620 - 630 nm which corresponds to
%De—"F3transition. The profile of TODGA/SiO2-P seems to
have two peaks, while the peak of TEHDGA/SiO2-P was
single. This difference is considered to be the suggestion of
a difference in the structure of the complex and the
correspondence to the difference observed in the
adsorption performance and EXAFS analysis. In order to
evaluate the IBIL spectra quantitatively, numerical
simulation on DGA complex and calculation of the
luminescence is currently underway.
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Fig. 1. IBIL spectra of Eu loaded in DGA adsorbents.
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Beam Writing
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Polyvinylidene fluoride trifluoroethylene (PVDF-TrFE) is
a piezoelectric fluorinated polymer and shows the highest
open-circuit voltage among piezoelectric polymers.
Compared to ceramic piezoelectric materials such as PZT,
it is flexible and easy to manufacture for low crystallization
temperature [1].

The purpose of this paper is a feasibility study of proton
beam writing for micro-structuring of PVDF-TrFE for
sensing applications. Utilizing the superior feature of PBW
as a lithographic tool, we patterned the surface of
PVDF-TrFE film with three-dimensional structures.

Powder of PVDF-TrFE (composition rate: 75:25, Kureha
Co. Ltd.) are dissolved in N,N-Dimethylformamide with a
weight ratio of 20 %. This solution is then spin-coated
giving a thickness of about 80 ym on silicon. Two steps of
heat treatment are then performed; first at 40 °C for 2 h,
followed by a 140 °C for 1 h.

Sample of the PVDF-TrFE is patterned by irradiation
with 3 MeV single-ended accelerator installed at National
Institutes for Quantum and Radiological Science and
Technology, Takasaki (beam energy: 1.7 MeV, beam size:
1.0 um, fluence: 1.0 to 7.0 yC/mm?). The proton beam was
scanned in a grid pattern of 10 mm wide lines spaced 20
mm apart over a 130-mm squared area of the PVDF-TrFE
surface.

After PBW, wet etching is performed: 9.0 mol/L
potassium hydroxide (KOH) solution with 0.25 mol/L
potassium permanganate (KMnQ4) added at 80 °C for 1 to
5 h. As evaluation methods, surface shapes were
observed by a laser microscope (OLYMPUS, OLS4000),
and three-dimensional structures were observed by a
scanning electron microscope (SEM, JEOL, JSM-6010LV).

In Fig. 1, we show the SEM image for PVDF-TrFE with
the fluence of 3.0 uC/mm? with the subsequent etching
process for 3 h. Here, the remaining structure of the
PVDF-TrFE represents 4 x4 pillar arrays. For the etching
time of 1 h, a shallower grid pattern appears than in Fig. 1,
while for the etching time of 5 h, the pillar arrays have
almost collapsed away (data not shown).

Figure 2 shows dependence of the patterned depth of
the PVDF-TrFE on the fluence of 1.7 MeV proton beam.
The depth of the grid pattern increases with etching time.
With the fluence of 1.0 uC/mm?, the depth does not reach
to the penetration depth even at etching time of 5 h. At the
fluence of 3.0 yC/mm?, the depth of the grid pattern
reached to around 40 um for the etching time more than 3
h. The depth is very close to the penetration depth of 1.7
MeV protons [3].

At the fluence more than 5.0 yC/mm?, the depth of the

grid pattern exceeds the penetration depth of protons,
because of excessive deposition of energy. However, the
etching time of 5 h is too long, since the pillar structures
collapsed away, as described above.

From these results, the 1.7 MeV proton fluence of 3.0
uC/mm? and etching time of 3 h are appropriate for
micro-structuring of the PVDF-TrFE. The etching rate is
estimated to be about 13 pm/h for this condition.

Fig. 1. SEM image PVDF-TrFE tilted at 45° after PBW at 1.7 MeV
with fluence of 3.0 uC/mm? for etching time of 3 h.
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Fig. 2. Dependence of the pattern depth of PVDF-TrFE on the
fluence of 1.7 MeV proton. The simulation depth was obtained by
SRIM code [3].
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Among various microfabrication technique,
Proton/Particle Beam Writing (PBW) technology is
recognized as one of the unique techniques which have
high selectivity in processing target, from polymers to wide-
bandgap semiconductors by accomplishing fabrication of
optical communication devices [1,2] to defect engineering
in diamond and SiC [3,4]. Before the micro-processing
starts, it always requires prior evaluation of irradiation
conditions using several amounts of target substrates.
While there are individual variations in dose at each point,
such radiation monitoring in microscopic regions must be
carried out for successive micro-processing by PBW.
Conventionally, CR-39, a type of solid-state nuclear track
detector (SNTD), has been utilized for the purpose. Still, the
chemical treatment required for observation is irreversible,
and the results are strongly affected by the operator's skill
level. As an alternative to SNTD, a fluorescent track
detector (Fluorescent Nuclear Track Detector: FNTD) that
can repeatedly readout using fluorescence is recently
underway. Radio-photoluminescence (RPL) phosphate
glass (PG) is one of the FNTD detector candidate materials
that can be easily manufactured in house. RPL-PG FNTD
does not require a post chemical process and can be
utilized as a convenient micrometer-scale visualization tool
of dose distribution by PBW. In this study, we have
developed an RPL-PG based FNTD as a sensor for the
PBW process. Convenient observation of an exposure area
of protons was visualized RPL-PG with simplified steps.

The host chemical composition of RPL-PG consists of
sodium metaphosphate (NaPOs) and aluminum
metaphosphate  (Al(POz3)3). RPL response is
accomplished by adding silver (Ag) and the other elements
as active centers to a host chemical composition. The host
substrate and silver activators were mixed and melted for 1
hour at 1000 °C in an alumina crucible. Then RPL-PG was
cast on metal at room temperature using the rapid
quenching method. Figure 1 illustrates the typical process
of RPL-PG fabrication. It was shaped into an arbitrary

( apo,
AI(PO,);

W —

Mixture Heating Vitrification

In alumina crucible Rise for 1 hour
NaPO, : AI(PQ,); = 1:2.59 (by molar ratio) Keep for 1 hour at 1000 °C

Dropped on aluminum dish
in room temperature

Fig. 1. Schematic illustration of RPL-PG fabrication process to
be utilized in visualization of micro-patterns by PBW.
shape using a manufactured glass diamond saw.

After obtaining the evaluation of the fundamental
responsibility of the manufactured RPL-PG by X-ray
irradiation, the sample was irradiated by protons at the
microbeam line of 3MV single-ended accelerator at TARRI-
QST. Examples of micropatterns are shown in Fig. 2, and a
comparison of PL spectra obtained from the region of the
intense and low dose irradiation is shown in Fig. 3.
Localized dose distribution in the area of irradiation was
illustrated as RPL distribution. Further research and
development will enable us to integrate RPL-PG into the
PBW process for detailed characterization of beam
patterns without complicated post-process but high spatial
accuracy.
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Fig. 2. Schematic illustration of PBW pattern on RPL-PG and
its PL mapping image visualized in post process.
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Fig. 3. Examples of RPL spectra from different irradiated
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An ion microbeam with an energy range of several MeV
is a powerful tool for microfabrication using proton beam
writing (PBW) and ion beam analysis using proton-induced
X-ray emission (PIXE). To date, MeV ion microbeams have
been produced by an ion microbeam system that
comprises an accelerator, a long beam line, and a focusing
lens system with quadrupole magnets. However, the
typical size of the microbeam system is above 30 m, which
represents a significant hurdle for the installation of a
microbeam system in an experimental room with an
average size of 4x5x3 m3. A compact ion microbeam
system, referred to hereafter as “CompactMB,” with beam
energy up to 1 MeV has been developing to enable the
installation.

In the development, a dedicated penning ionization
gauge-type ion source with two electrostatic magnets
(EM-PIG-IS) was designed and assembled to generate a
gaseous ion beam with high brightness and narrow energy
spread. General penning ionization gauge-type ion
sources (PIG-IS) serve compact-sized ion sources with
low electric power consumption and long-time interval
without the need for maintenance. However, PIG-ISs
typically produce gaseous ion beams with low brightness
and wide energy spread; such an ion source cannot be
directly used for CompactMB. Therefore, EM-PIG-IS was
designed to generate a gaseous ion beam with high
brightness and low energy spread, which was suitable for
the CompactMG, by extracting the high-density plasma
with a small volume using a strong magnetic field.

As the first experiment, the brightness of a hydrogen ion
beam generated by EM-PIG-IS was measured because it
was essential to obtain beam current at a focus point. In
the experiment, the brightness of a hydrogen ion beam
including H*, H2*, and Hs* was measured using a
geometrical configuration of extraction electrodes. The
separation of the hydrogen ion beam was not necessary
because the three-stage acceleration lens, constructed
only by an electric field, focused the same energy ion
beam at the same point, regardless of the ion mass. The
measurement result showed that the brightness was
approximately ten times that of the dedicated
duoplasmatron ion source [1].

In the current study, beam energy spreads of hydrogen
ion beams extracted from EM-PIG-IS with a high-density
plasma of a small volume were measured using a parallel
electrostatic analyzer without separating the ion species.
The energy spreads of hydrogen ion beams generated

were measured by changing the parameters of EM-PIG-IS.
The energy spreads were measured on the basis of
changing ion source parameters, such as gas presser,
magnetic strength, anode voltage, and extraction voltage.
A minimum beam energy spread width of approximately
5.01£0.1 eV at 200 eV was obtained in the experiments as
a function of extraction voltage, as shown in Fig. 1. The
beam energies were also shown in Fig. 1, which changed
according to the extraction energy. The characteristics of
the ion beam generated EM-PIG-IS were evaluated from
the results of the measured beam energy spread for
installing EM-PIG-IS in CompactMB [2]. The width is
acceptable to form microbeam of about 1 uym diameter
using CompactMB from a numerical simulation.
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Fig. 1. Relationship between the beam energy spread and
the beam energy as a function of extraction voltage.
Vacuum degree =0.283 Torr, anode voltage=0.7 kV.
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Microscopic imaging and analysis utilizing a focused
proton beam are a useful tool to characterize and visualize
material compositions' details with a limited specimen
volume. These features are desirable to the environmental
research field, where limited numbers or amounts of
specimens are available without duplication. One such
sample is collected from the atmosphere, known as
particulate matters (PM)s. PMs are often used as an
indicator of air pollutions. However, they are dramatically
affected by environment and meteorological conditions.
Therefore, PM samples should be collected within a short
time domain. However, it would limit PMs' concentration in
collection volume, which is sometimes below the limit of
detection for conventional elemental composition analysis.
Particle-induced X-ray emission (PIXE) analysis can be
recognized as a useful tool for such elemental composition
analysis [1, 2]. This study investigated the applicability of
micro-PIXE analysis for elemental composition analysis of
PM collected in a short time domain.

Micro-PIXE analysis and imaging on an hourly-collected
PM sample were demonstrated at a microbeam line of 3MV
single-ended accelerator at TIARA. The PM sample was
collected by an automatic sampling unit of AEROS
(Atmospheric  Environmental Regional Observation
System), founded by Ministry of Environment, Japan. The
AEROS system is distributed all over Japan to collect PM
concentration with a high time resolution of an hour. In this
trial, samples are collected from the one installed at Gunma
Prefectural Institute of Public Health and Environmental
Sciences. The sample was sandwiched with thin polyimide
films, as illustrated in In Fig. 1. It allows us to avoid
degradation of filter substrate and PM samples via

-

Cut

Qo /— polyimide films
Fre:0 0 (@ i ®

=

Proton
Microbeam

sample
Fig. 1. (Left) Picture and (Right) schematic illustration of PM
sample film and sample holder's analytical setup prepared for
micro-PIXE analysis and imaging.

desorption from the surface or gaseous decomposition.

With this configuration, micro-PIXE imaging and
analysis were demonstrated on hourly collected PM filters.
An external microbeam probe, with a typical beam energy
of 3 MeV and a diameter of approximately 1 ym, was
utilized for the analysis. We performed the PIXE analysis
within a particular irradiation period, which was monitored
by the integrated charge of the incident protons. We
obtained PIXE images as a uniform elemental distribution
for most PM samples [3]. However, there could be some
inhomogeneous distribution of elemental compositions, as
shown in Fig. 2. Inhomogeneities had variety in elemental
composition, density, and total coverage over the whole
analytical area. In the two examples shown in the figure, a
single iron particle was observed in the sample collected on
17th March 2018, 13:00-13:59, while several calcium-rich
particles are seen on the sample collected from 4:00 - 4:59
on 26th March 2018. These particulate matters will be
averaged out if those particles are limited in numbers and
volumes. However, in some cases, those might bring the
minor misguides into the PM samples' source identification.
This result suggested that conventional PIXE could over- or
under-estimate PM's elemental composition, where
uniform composition distribution is assumed. On the other
hand, micro-PIXE imaging could be a useful tool to reveal
such microscopic deterioration in samples.

Fig. 2. Micro-PIXE visualized inhomogeneity in hourly-collected
PM sample filters obtained in March 2018. Two examples
indicate a single iron-rich particle and several calcium-rich
particles in the analytical field of 400 x 400 pym?.
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Introduction

Since the contact area between solids provides as a
charge transfer reaction field in the all-solid-state Li
batteries, it is necessary to analyze the correlation between
the electrode microstructure and the variation in the charge
carrier distribution to design the battery with the better
performance. To analyze the Li concentration distribution in
micrometer- or larger-scale areas that are typical particle
sizes of the practical cells, we used microbeam analysis.
The micro-PIXE and micro-PIGE analysis were adapted for
the elemental mapping of the cross-section of the pellet-
type battery. We carried out ex situ measurements at before
and after-charged states in advance [1]. The in situ analysis
was conducted to elucidate the kinetic behavior of the Li
distribution during the charging process.
Experiment

Elemental distribution analysis was carried out using a
3.0-MeV proton ion beam in TIARA to obtain spatial Li
distributions of the cross-section near anode layer by the
gamma-ray from the 7Li(p,p’y)’Li. The pellet-type cell was
composed of a cathode (LiNbOs-coated LiCoO2 + solid
electrolyte (SE) (Li1oGeP2S12)), SE and an anode
(amorphous TiS3), and assembled in a closed cell with a
Kapton film window designed for in situ observation. The
cell was charged by linear sweep voltammetry (scan rate at
0.1 mV/s) from OCV to 2.2 V (vs. TiSs/Li2TiS3), then
maintained at 2.2 V for 200 min. The elemental mapping
data was collected by the integration of PIXE/PIGE signals
for 5 min, and intensity profiles were visualized by
accumulating the four data (total 20 min).
Results

Figure 1 shows the electrochemical performance of the
battery in the charging process. The current value reached
0.45 mA at 2.2V, and by keeping the voltage constantly, the
capacity of 2.6 C was used for the charging process. This
value is equivalent to the Lio.3sTiS2 formation. The Li
distribution mapping and profiles near the anode and
electrolyte layer of the battery are shown in Fig. 2. Li
gradually diffused from the boundary of the electrolyte layer
to the anode region, depending on the charging time.
However, the migration was observed only in a limited area
near the interface compared to the ex situ analysis [1]. This
result indicates that the charge transfer reaction on the
observation surface was insufficient. To analyze the kinetic

behavior of the charging process, itis necessary to improve
the processing method for the cross-section surface to be
observed.

The next attempt is to optimize the pellet-type cell
processing method to ensure reaction on the observed
surface and to analyze the Li concentration and its variation
quantitatively.

204 (@)

Fig. 1. Electrochemical
performance of the
LiCoO, + SE / SE /
amorphous TiS; cell in
the charging process.
(a) Voltage, (b) Current
[Red] and Electric
quantity [Blue].
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Fig. 2. (a) Li distribution mapping of the anode side at OCV (Omin)
and 200 min later, (b) Li line profiles for the anode side during the
charge process. It corresponds to the area indicated by the square
frame in (a).
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In many cases, recoil protons produced by the n-p
elastic scattering reaction are used in neutron detectors
and neutron dosimeters [1]. Especially, information on the
angular distribution of n-p elastic scattering reaction is
important for proton recoil telescopes (PRTs) that are used
to determine the neutron fluence in neutron energy region
above several MeV [2]. Energy dependent detection
efficiency of a PRT is usually obtained using simulation
codes with an evaluated data file such as LA150 and
JENDL-HE files. However, the angular distribution of the n-
p elastic scattering reaction has discrepancy between
LA150 and JENDL-HE2007 in high energy region above 20
MeV. In our previous study, a PRT composed of a Si surface
barrier detector and a liquid scintillation detector was

developed to measure high energy neutrons above 20 MeV.

The recoil angle of 10 degrees were used in the PRT. In this
case, the detection efficiency for 45 MeV neutrons had 5%
discrepancy between LA150 and JENDL-HE2007 [2]. We
have experimentally verified the relative angular distribution
of the n-p elastic scattering reaction for 45 MeV and 60 MeV
neutrons at TIARA

In the present experiments, the relative angular
distribution for 60-MeV neutrons is verified by changing the
recoil angle from 10 to 25 degrees using the proton recoil
telescope composed of a plastic scintillation detector (BC-
400, 100x%x 100 % 0.5 mm) and a liquid scintillation detector
(BC501A, 7.62 cm diameter and 7.62 cm thick) and a high-
density polyethylene plate (0.929 g/cm?®) as shown in Fig. 1.
The plastic and liquid scintillation detectors are placed
outside of the collimated neutron beam to reduce
background signals. An aluminum aperture was put
between the plastic scintillator and the liquid scintillator to
make clear the sensitive area of the liquid scintillator. A
high-density polyethylene plate (0.929 g/cm?®) was used as
an n-p converter in the PRT and was located 1.5 m away
from the collimator exit. A carbon plate (1.82 g/cm?3) was
also used to subtract background due to Carbon included
in Polyethylene. Neutrons were produced by the “Li(p,n)
reaction in the LCO beam line at TIARA. The neutrons
reached the experimental room through a collimator with
iron and concrete. Figure 2 shows two-dimensional plots for
pulse height outputs from the plastic and liquid scintillation
detectors. Recoil proton data are extracted from the two-
dimensional plots. Proton pulse height spectra of the liquid
scintillation detector were successfully observed for
coincidence measurements with the plastic scintillation and
liquid scintillation detectors in the PRT as shown in Fig. 3.
The neutron fluences will be derived for each recoil angle,
using detection efficiencies calculated with the MCNPX

code. Finally, comparison between JENDL-HE2007 and
LA150 files will be performed for the angular distribution of
the n-p elastic scattering reaction.

Fig. 1. The proton recoil telescope composed of the plastic and
liquid scintillation detectors and the high-purity polyethylene plate.

B
5
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Pulse height of the liquid scintillation detector
Fig. 2. Two-dimensional plots for pulse height outputs from the

plastic and liquid scintillation detectors.
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Fig. 3. Proton pulse height spectra of the liquid scintillation detector
for each recoil angle.
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Irradiation effects of solids dependent on linear energy
tranfer (LET) have been widely investigated. In the case of
radiation detection, the LET dependence of detector
response has long been identified as an issue. The LET
dependence of the response of scintillators was
phenomenologically formulated by Birks as early as 1964
[1]. This formula has long been used for compensating the
LET-dependent scintillation light yield, although the formula
has little physical basis and limited applicability. LET-
dependent scintillation properties are caused by the
interaction of excited states. Because excited states are
mobile and their density decreases during diffusion, LET
dependence and excited state interactions responsible for
this dependence have to be analyzed from the viewpoint of
the dynamics of scintillation, i.e., scintillation temporal
profiles. Thus far, we have reported LET-dependent
scintillation rise and decay for several scintillators having
dopants as luminescent centers, e.g. Ce-doped Li-glass
scintillator [2], and self-activated scintillators such as
BisGes012 [3].

In this study, we focused on the LET dependence of the
scintillation properties of a novel class of scintillators, i.e.,
organic—inorganic layered perovskite-type compounds.
The basic concept of scintillator development based on
these compounds was proposed by our group more than
16 years ago [4]. Recently, we have developed single
crystalline scintillators based on compounds with a
relatively high light yield and fast decay [5]. These
compounds have a layered structure of alternating organic
amine layers and inorganic lead halide layers. Owing to the
significantly lower band-gap energy of the inorganic layers
than that of the organic layers, the compounds have
multiple quantum-well structures in their crystal structure.
Fast and efficient scintillation has successfully been
obtained from quantum-confined Wannier excitons in the
inorganic layers. In this study, we analyzed the LET
dependence of the scintillation properties of such
compounds with a focus on the scintillation temporal
profiles from the viewpoint of interactions of Wannier
excitons at high LET.

The sample was a single crystal of the layered
perovskite-type compound with phenethylamine in its
organic layers. The chemical formula of the compound is
(CsHs5C2H4NH3)2PbBrs. The compound was synthesized
through the reaction of the amine and hydrobromic acid,
and subsequent reaction of the reaction products with

PbBrz. Single crystals were grown using a poor solvent
diffusion method [5]. The scintillation temporal profiles at
different LETs were measured using a measurement
system at TIARA, QST, Japan. The sample was irradiated
with pulsed beams of 20 MeV H*, 50 MeV He?*, and 220
MeV C5* from the AVF cyclotron. The overall time resolution
of the measurement system was ~2 ns at half width at half

1 % ©20 MeV H
)\ ¥ » 50 MeV He
\ 220 MeV C

Nomalized intensity

-10 0 10 20 30 40 50
-0.2 Time (ns)

Fig. 1. Scintillation temporal profiles up to 50 ns of
(CsHsC2H4NH3),PbBr4 under irradiation with 20 MeV H*, 50 MeV
He?", and 220 MeV C®'.

maximum (HWHM).

Figure 1 shows the scintillation temporal profiles up to
50 ns. The LET dependence of the rise in scintillation
temporal profile was negligible. The initial decay up to 50
ns exhibited a complicated LET dependence: the fastest
and the slowest decay were observed for irradiations of 220
MeV C® and 50 MeV He?*, respectively, i.e., the decay
initially became slower and subsequently faster for higher
LET in the LET range investigated in this study. As for the
faster decay at higher LET, some processes can be
proposed: one is the formation of bi-excitons, whose rate of
radiative process is significantly higher than that of free
excitons. Another possible cause of the faster decay at
higher LET is the nonradiative Auger process, in which one
exciton during its annihilation gives its energy to another
exciton nearby, which is converted into a higher excited
state.
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Installation of a new ion source for the fullerene
negative ion

The irradiation effects of the swift fullerene ion beams
offer a highly sensitive analysis with secondary ion mass
spectrometry. Especially, the effects are very suitable for
an analysis of samples such as polymer materials and
biomolecules which are hardly analyzed using monatomic
ion beams. In order to further expand a study on the
irradiation effects of the swift fullerene ion beams, we have
increased the intensity of the MeV fullerene ion beams in
the tandem accelerator at TIARA. The novel ionization
technique has produced the pA-beam intensity that is
100,000 times greater than the conventional method (the
Cs sputter) [1]. We have started to develop a molecular
mapping system for a microscopic analysis using the MeV
fullerene ion micro-beams. However, the fullerene ion
beam intensity was still not enough to be formed the ion
micro-beams because the ion beam intensity was
decreased by the micro-slits that eliminate divergence of
the ion beams to pass through a focusing lens. Therefore,
in expectation of an increase in the ion beam intensity, we
installed a new ion source at the location shown in Fig. 1 in
order to improve the transmission efficiency from the ion
source to the accelerator. The electrostatic deflector
installed in the incident beam line deflects the ion beams
without dependence on mass of ions so that the
higher-energy ion beams can be transmitted with great
transmission efficiency to enter the accelerator. Fig 2
shows the result of a trajectory simulation in which the ion
beams were transmitted toward the existing Faraday cup
via the deflector. The aperture electrodes before and
behind the deflector have a role of focusing the ion beams.
The position of the deflector equipped with a slide
mechanism is switched corresponding to the incident
direction of the ion beams (see Fig. 3).

In the next fiscal year, the transmission efficiency of the
fullerene ion beams will be compared between the new ion
source and the existing one.

New ion source

Existing
ion sources

Fig. 1. Place of the new ion source.

New ion source

lon energy: 60 keV
Deflector: 5380 kV
Apertures: -8560 kV

Faraday cup

Pz

Aperture

Fig; 2. The result of a trajec’tory simulation of the fullerene
negative ion beams passing
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Fig. 3. Photo image of the electrostatic deflector in the chamber.

Development of a laser ion source for the lon
Implanter

A laser ion source (LIS) produces plasma directly from
solid materials by focused irradiation with a high-intensity
pulsed laser. Because a LIS can produce plasma of
various species from any solid material, we are developing
a LIS as an ion source for the lon Implanter [2]. To conduct
ion implantation experiments using the LIS that require
high ion dose, it is necessary to operate the ion source in a
high laser repetition rate. In this study, we investigated the
particle number of ions per laser pulse for each charge
state in the laser-produced carbon plasma using off-line
LIS test bench to estimate the required laser repetition rate
for the ion implantation experiments. In the experiment, the
carbon plasma was produced from a graphite target using
a Nd:YAG laser with a fundamental wavelength at laser
energy below 40 mJ. The particle number of ions was
highest for singly charged ions, with particle number on the
order of 1010 per laser pulse. From this result, in the case
of carbon ion, it was found that the laser repetition rate
should be 1 kHz or higher to obtain the average ion beam
intensity on the order of pA [3].
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MeV/atom swift cluster ion beams have been
employed to irradiate biological materials [1], since they
have an advantage of obtaining SIMS signals of intact
large molecular ions much more effectively than
single-particle ion beams. In some cases, such SIMS
signals are coincided with the projectile information on,
e.g., charges and alignment of fragmented ions. These
aspects come from the feature of cluster beams which is
never found in the single-ion beams. It is well-known that
the so-called cluster effect has been found in several
aspects, e.g., reduction of average charge of constituent
particles [2, 3], non-linear dependence of energy
deposition [2, 4, 5], strong suppression of low-energy
secondary electron production [6-8] and strong
enhancement of convoy electron production [6].

This academic year we presented the research on the
positive cluster-ion yield as a function of charge-changing
gas pressure, and found the cluster effect in incorporated
electron-loss cross sections. In addition, the energy-loss of
carbon 60 cluster ion with a few MeV energies was
estimated. First, on the basis of the rate equation we
obtained an analytical expression for a fraction of the
singly charged cluster ion at penetrating depth x in the
charge-changing region as

(e —Nxo_; __ e—qu d)
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$:1(x) = P
B

014 — Op
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with A= o111+ B, B= 010001 / (00 - o1), 00=001+ 00d, 0:1= 010
+ o1 + o10. Here oy is the cross section for changing
charge from i to j of a cluster, ois is the destruction cross
section for a cluster in charge state / in collision with a
target gas, and N is the number density of a rare gas. We
assumed carbon cluster ions Cn* (n=2 - 4) composed of
an isolated carbon ion/atom in a linear structure of equal
spacing 1.27 x 107'© m. Using the quantum mechanical
treatment and the Independent Electron Model (IEM), 6
cross sections are estimated. If we denote the cross
section for a Cn by o(n), it can be approximated as

o(n) =o(@)[1+p(1n-2)]

In case where Ne is used as the charge-changing gas,
$=0.16 in oo1, =~0.07 - 0.08 in o10, o11 @and f=~0.13 -
0.20 in ow (i=-1, 0, 1) for the 1.2 MeV/atom C,* ions. The
values of g ranging 0<3<0.5 mean that the corresponding

cross sections indicate a sub-linear dependence on the
number of atoms in a cluster, i.e., the so-called cluster
effect. On the basis of these 6 cross sections, we
calculated the singly-charged fraction Cn* (n=2, 4) with 2.5
MeV in collision with Ne gas as a function of gas pressure
Nx. In order to compare with the experimental data [9],
both data are normalized at the maximum value. As a
result, both data are found to coincide with each other in
both the maximum gas pressure and the profile with high
accuracy [10].

Second, we calculated the energy loss of a few MeV
carbon 60 (Ceo™) ions, travelling the electron gas. The
basic formulation was made previously [11]. The spatial
positions of constituent atoms form a fullerene structure
where the radius of the sphere is 3.5x10'° m. Each ion
has the charge determined as a function of its speed and
mutual spatial distance, based on our statistical average
charge theory [2]. The energy loss is estimated in a
dielectric function method making use of dielectric
functions. Numerical result shows that for a few MeV
carbon 60 ions, whose speed is less than the Bohr speed,
the electronic stopping power of carbon (rs = 1.526)
amounts to about 0.8 in magnitude, compared with 60
times the corresponding stopping power for a single
carbon ion at equivalent speed. In future, this result will be
utilized to estimation of the energy deposited to biological
materials and the sputtering yield of bio-molecules.
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Imaging mass spectrometry (IMS) allows us to visualize
the spatial distribution of mass-resolved materials in a
sample. It attracts a growing attention as a label-free
imaging technique which can be applied to wide variety of
samples including biological samples. Secondary ion mass
spectrometry (SIMS) is a widely-used method for
desorbing and ionizing analytes along with matrix-assisted
laser desorption/ionization (MALDI). Although SIMS is
superior to MALDI in lateral spatial resolution, it has a
significant shortcoming in sensitivity to large organic
molecules because the yield of high-mass ions, in
particular intact molecular ions, is usually very low due to
the serious fragmentation in the desorption/ionization
process in SIMS. Recently, we have found that the yield of
intact molecular ions is significantly enhanced when a thin
film of an amino acid on a self-supporting silicon nitride
(SiN) membrane is bombarded with 5-MeV Ceo* ions from
the SiN side and the positive secondary ions emitted in the
forward direction are detected [1]. This result indicates that
transmission SIMS using MeV Ceo primary ions is
promising for SIMS imaging with higher sensitivity to
biological molecules. Thus we have recently developed a
transmission SIMS imaging system equipped with a
modified photoelectron emission microscope (PEEM). The
PEEM acquires the image of position of the secondary
electron emission from the sample surface on the entrance
side for each primary ion to specify the position where
each secondary ion is ejected. In this study, imaging
experiments were conducted with the system to examine
the performance, in particular the lateral resolution.

A thin-film sample with a microscale 2D pattern of
phenylalanine and gold was prepared in the following
manner. First, gold film (thickness ~15 nm) was
evaporated on one side (back side) of a self-supporting
silicon nitride (SiN) membrane to prevent charging during
the SIMS. Then, phenylalanine film (thickness ~40 nm)
was evaporated on the other side (front side) of the
membrane. Finally, gold (thickness ~20 nm) was deposited
again on the phenylalanine film through the mask of a
cupper grid mesh to form a microscale 2D grid pattern.
Transmission SIMS of the sample was performed using
9-MeV Ceo®* primary ions from the 3-MV Tandem
accelerator of TIARA. The ion beam collimated to the size
of ~0.2x0.2 mm? was incident on the sample from the
back side. The beam intensity was not higher than ~200
cps to reduce the occurrence of an accidental coincidence.
The secondary electron microscope was operated with the
extractor voltage of 10 kV and the field-of-view diameter of

125 pm.

Figure 1 shows an example of the mass spectrum of
positive secondary ions. No peak corresponding to the
protonated intact molecules is clearly recognizable at m/z
166, whereas there are peaks corresponding to relatively
high-mass fragment ions originating from phenylalanine at
m/z 77, 91, 103 and 120. Figure 2 shows the
mass-resolved image showing the lateral position from
which those fragment ions were ejected. The 2D pattern of
phenylalanine and gold with a sharp boundary is observed.
The width of the boundary is about 1.4 um, which specifies
the upper limit of the lateral resolution of the IMS system.
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Fig. 1. Mass spectrum of positive secondary ions from the
thin-film sample with a microscale 2D pattern of phenylalanine
and gold.

Fig. 2. Mass-resolved image of the thin-film sample with a
microscale 2D pattern of phenylalanine and gold. The lateral
positions where fragment ions originating from phenylalanine
were ejected are shown with bright spots.

Reference
[1] K. Nakajima et al., Appl. Phys. Lett. 104, 114103
(2014).

— 131 -

QST Takasaki Annual Report 2019



3-14

Development of Micro Processing Technology

by Ceo lon Beams

T. Kunibe?, H. Takeuchi?, H. Arai?), H. Hashimoto?, K. Narumi®),
Y. Saitoh?), A. Chiba?, K. Yamada® and Y. Hirano?

a)Engineering Department, Metal Technology Co. Ltd.,
b)Department of Advanced Radiation Technology, TARRI, QST

Since diamond surfaces synthesized with a plasma CVD
method usually have unevenness of about several um [1],
polishing of cutting tools is usually performed on a rotating
disk with diamond abrasives (a scaife polishing method).
However, it is not easy to apply synthesized diamonds to
heat sinks, optical windows, and semiconductor substrates
because it requires smoothing of a relatively large area;
furthermore, abrasion of the polishing plate and scratches
on the substrate sample are also problems. There are few
applications other than cutting tools.

In the previous study [2], Si sputter rates by Ceo-ion
bombardment are up to about 600 per Ceo ion compared to
Ar ions, so high-speed processing of diamond can be
expected. We have reported diamond sputter rates by Ceo-
ion bombardment vertical to the surface: The sputter rate
by Ceo ions is approximately 100 times higher than that by
Ar ions; futhermore, the surface sputtered by the former is
smoother than that by the latter. In this report, two tests are
reported: One is angular dependence of diamond sputter
rate by Ceo-ion bombardment. The other is effect of co-
irradiation with Ceo ions and oxygen ions, which can induce
chemical reactions on a diamond surface in addition to
physical sputtering.

60-keV Ceo-ion irradiation was carried out using a 400-
kV ion implanter of TIARA. Single crystal diamond
substrates (3 mm x 3 mm x thickness 1 mm, TMD-Ib type)
manufactured by Tomei Dia Ltd. and single crystal silicon
substrates were used as the irradiation samples. Co-
irradiation with Ceo and oxygen ions were performed as
shown in Fig. 1, where a 1-keV oxygen-ion beam was
extracted from an ECR ion source installed to the irradiation
chamber. The etched depth of the irradiated sample was
measured with New View 600s, manufactured by Zygo Co.
This device can measure a three-dimensional shape of a
surface within a range of several mm?. It is possible to
obtain the sputter rate from the etched volume even if the
beam distribution is somewhat non-uniform.

The obtained results are summarized in Fig. 2. As shown
in the figure, the sputter rates at irradiation angles of 45 and
60 degrees are approximately four times as high as those
of the vertical irradiation. From the view point of smoothing
a surface, such angular dependence of the sputter rate
seems to be more advantageous than chemical etching,
which has no angular dependence. Furthermore, the co-
irradiation effect is observed: the sputter rate by
simultaneous irradiation with Ceo (1x 10'® /cm?) and oxygen
(230 nA for 200 min.) ions is approximately two times as
high as that only with Ceo ions, while etching rate only by

oxygen ions was 1/3 of the latter. It is speculated that the
sputtering by Ceo ions can be accelerated by the chemical-
etching effect of oxygen ions.

It was found that both of the oblique irradiation with Ceo
ions and simultaneous irradiation with Cso and oxygen ions
increase the sputter rate without roughing a surface of a
single crystal diamond. In the future, we plan to verify an
effect of Ceo-ion irradiation on smoothing a surface.
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Fig. 1. Schematic of simultaneous irradiation with Cg ions
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Fig. 2. Angular dependence of the sputter rate of Cg ions for
single crystal diamond with energy of 60 keV.
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Si is the most common semiconductor material, and it is
expected to be applied to electronic devices by fabricating
fine structures on the surface. Photolithography has been
used as a process for fabricating Si microstructures,
however, multiple wet processes are required. As an
alternative method, the microstructures structure can be
fabricated in a dry process of ion beam irradiation. Cluster
ion beam irradiation induces sputtering more efficiently than
single atoms on the material surface. It has been reported
that a ripple structure is formed on the surface of Si
irradiated with a monatomic ion beam [1], [2]. In this study,
the surface structures of Si after irradiation with Ceo cluster
ion beams at different angles were investigated by electron
microscopy.

The mirror-polished Si(001) and Ge(001) single crystal
substrates were irradiated with Ceo* cluster ion beam using
an ion implanter (NH40SR, Nissin Electric, QST) and a
tandem Pelletron accelerator (9SDH-2, National Electronic
Corporation, QST). A well-collimated Ceo* projectile with
incident energy of 6-MeV was incident at 0°, 30°, and 60°
to the surface normal of samples. The fluence of the Ceo*
beams was set to 1 x 10" and 5 x 10" ions cm=. The
irradiation temperature was room temperature. The
evaluation of the surface was performed with a SEM
(SU8020, Hitachi, KUT) and a TEM (2100F, Jeol, KUT) The
TEM samples were prepared by micro-sampling using a
FIB (Quanta 3D 200i, FEI, KUT).

Table 1 summarizes the types of surface structures of Si
after irradiation of6-MeV Ceo* beams with different
irradiation angle and dose. In the case of small irradiation
dose and small irradiation angle, the concave and convex
structure was formed on the surface, and in the case of
large irradiation dose, the string-like structure was formed.

Fig. 1 shows surface SEM images and cross-sectional
TEM images of Si (irradiation angle: 0°, 60°) irradiated with
6-MeV Ceo* beams at 5x 10'* ions cm™2. The observation
angle of SEM images was 0° and TEM images were
observed at (011) incidence. In the surface SEM image,
there was no difference between the structures obtained at
the irradiation angles of 0° and 60°, however in the cross-
sectional TEM image, it was confirmed that the surface
structure was tilted in the irradiation direction at the

irradiation angle of 60°. The amorphous layer was observed
both the irradiation angle of 0° and 60° It was also
confirmed that the size of string-like structure at the
irradiation angle of 60° is larger than that obtained at the
irradiation angle of 0° It is thought that the effect of
sputtering is greater due to the tilted irradiation angle.
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Table 1
Types of surface structures of Si after irradiation of 6-MeV Ceg"
beams.

Angle (°) 1x1014 5x10'* (cm2)
0 concave and convex string-like
30 concave and convex string-like
60 string-like string-like
TEM image

Dose: 5x 10" cm? Irradiation angle: 60°

Fig. 1. Surface SEM images and cross-sectional TEM images of Si
irradiated with 6-MeV Cgo" beams.
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When a primary ion impacts a solid target, secondary
ions (Sls) are emitted from the target surface due to
energy transfer from the primary ion to the target. Yields of
the emitted Slis strongly depend on various parameters of
the target and incident ions, and cluster ion impacts, where
the constituent atoms of the cluster deposit their energy to
a very small area of the target surface, provide higher Si
emission yields. Ceo ion is one of the most useful primary
cluster ions to enhance S| emission yields due to its large
cluster number and is promising candidates as primary ion
species for highly sensitive SI mass spectrometry [1,2]. In
this paper, we report total yields of negative Sls (N-Sls)
emitted by energetic Ceo ion impacts (TYn-s)) in the
sub-MeV to MeV energy range on a poly(methyl
methacrylate) (PMMA) film target to study the effect of Ceso
impact energy on N-SI emission yield [3]. For TYn.s,, it is
difficult to obtain it by direct measurements of primary ion
beam and N-SI electric currents (ECs) because the
measured EC of negative secondary particles must be
separated into ECs for N-Sls and for secondary electrons
(SEs). We obtained it using a time-of-flight (TOF)
spectrometer by counting only the N-SI number [3].

The experiments were performed using Ceo ion beams
with energies of 0.12 to 5.0 MeV at QST/Takasaki. A direct
Ceo ion beam with a current of several tens of fA was
pulsed by electrostatic deflection plates triggered by a
pulse generator and a series of collimators to obtain single
impact per pulse condition. The pulsed Ceo ion beam was
incident on a PMMA target at an angle of 45° to the target
surface. N-Sls produced by Ceo ion impact, together with
SEs, were detected by a microchannel plate (MCP) placed
at the end of a TOF spectrometer. The N-SI and SE
detection counts were separated by measuring and sorting
the time difference between each counting signal and its
corresponding start signal for primary ion beam pulsing,
based on event-by-event measurements. We compared
TYN-sI using the ratio RN-siD-event (E NN-SI/ND-event), where
Nn-si and Nb-event are the total numbers of detected N-Sls
and of their corresponding start signals, respectively,
based on our previous model for event number analysis [4],
as described below [3].

In the case of that N-Sls are emitted from a target with a
fixed number n (n=1) for one start signal, the probability
that a number p of N-Sls is counted for one start signal by
a detection system with an efficiency y(0<y<1) is given by
nCp(1-7)"PyP. As the N-SI detection events should be p = 1,
the mean number of detected N-SIs for each N-SI
detection event, i.e., Rn-sip-event, is expressed by using the

probability for p =1 events 1-(1-)" as

n

RN—SI/D—event = Z p

p=1

When the N-SI number n has a probability distribution (PD)
with @ mean number g, Pn(u), Rn-sip-event is €xpressed by
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where Po(y) is the probability that an N-SI is not emitted
even when the primary ion is incident on the target, and
Nmax is the maximum N-SI number for analysis. Equation
(2) is expected to be asymptotic to Rn-sip-event= 12y at large
u as Po(u) approaches 0 and the py/[1-(1-%)"] term with
large n, which is approximated to uy at large n, makes a
large contribution to the sum in Eq. (2). Based on a recent
study of the PDs of N-SI number for sub-MeV Ceo ion
impacts [5] and analysis of Rn-sip-event values for the
experiment, TYn-si can be estimated by TYn-si=RN-si/D-event/
¥ (7 should be constant within a series of measurements)
[3]. Figure 1 shows the TYn-si values for Ceo impact energy
of 0.12 to 5.0 MeV, where the values are displayed as the
ratio Rty of the TYn-si value to that for 1.08-MeV Cso, to
compare the values among the impacts. This gives
information on the relative N-SI emission yield for Ceo ion
impact; the total N-SI emission yields increases with
increasing Ceo impact energy studied.

1.5
L]
1.0 o ®
=

1 o

05te

0
0.1 1.0 10

Cgp impact energy (MeV)
Fig. 1. Dependence of Rry of N-Sls for a PMMA target on Cgo
ion impact energy.
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Shape elongation of embedded nanoparticles (NPs)
induced under swift heavy ion (SHI) irradiation has been
extensively studied for this decade [1]. While the
mechanism is still under debate, the majority agree with an
assumption that large electronic energy deposition induced
by SHIs plays an important role.

Primarily SHI is defined by its high velocity, i.e., large

kinetic energy per nucleon, which is higher than ~0.1 MeV/u.

An arising question is whether the shape elongation of NPs
is induced under irradiation with slow ions but high
electronic stopping power Se. We have irradiated Zn NPs
with 6 MeV Ceo* ions, which have a slow velocity of 0.008
MeV/u. The Se value of the Ceo ions was estimated as the
sum of independent sixty pieces of 6 MeV/60=0.1 MeV
carbon monomer ions. The estimated value was 15.5
keV/nm in silica, which was comparable to Se of 200 MeV
Xe SHls.

However, contrary to SHIs, the cluster ions interact with
NPs in shallow depth only. A Ceo ion injected into a solid can
be no longer stable, which is suffered by atomic collisions
with constituent atoms in the solid. The interatomic
distances increase with the depth and finally the Ceo ion is
no longer a cluster ion but 60 pieces of C monomer ions.
While the ion range of 100 keV C-monomer ion is 315 nm
in silica, the cluster effect can be active only much
shallower than the ion range of 315 nm. We formed Zn NPs
in the surface layer of silica (SiOz) shallower than 70 nm [2]
using 60 keV Zn* ion implantation to a fluence of 1x 10"
Zn-ions/cm?.

We have irradiated shallow Zn NPs in SiO2 with Ceo* ions
of 1, 2, 4, and 6 MeV using a high-flux Ceso negative ion
source, which were recently developed in TARRI, QST [3].
While obvious optical anisotropy due to the shape
elongation of Zn NPs was observed at the fluence of 1 x
10" Ceo/cm?, TEM observation indicated only weakly
elongated NPs only. If the fluence could increase to 5x 103
Ceo/cm?, clearer elongation would be induced. However,
highly efficient sputtering destroyed the NPs and mostly
removed them from the sample at 5x 103 Ceo/lcm?2.

While the mean sizes of our Zn NPs were ~10 nm, Rizza
et al. reported that Au NPs of ~30 nm showed the highest
elongation efficiency [4]. Then, we have applied a new
synthesis method of NPs in SiO2 [5]. First, Au thin film of 3
nm was deposited on SiO2 wafers by e-beam evaporation.
After then, rapid thermal annealing at 300°C for 10 minutes
transformed the Au film to Au NPs on the SiO2 surface.
Finally, a SiO2 layer of 100 nm thick was deposited in order

to form embedded Au NPs in SiO2. The NPs formed are in
nearly oblate spheroid shapes as shown in Fig. 1(a). The
mean major axis diameter was ~20 nm. The samples were
irradiated with 4 MeV Ceo* ions with an incident angle of 45°.
The total fluence was 5x10'3 Cso/cm?2. Obvious deformation,
which is probably ascribed to the shape elongation of NPs,
was observed [5].

(a) unirrad

AU NPs

Fig. 1. Cross-sectional TEM images of Au oblate spheroids
embedded in SiO,, in unirradiated state (a) and after the
irradiation to 5 x 10" Ceo/cm? (b). The incident angle of the 4
MeV Cg" beam was 45° [5].
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The J-PARC RCS adopts the Hybrid type Boron-doped
Carbon (HBC) stripper foil, which was developed in KEK to
improve the lifetime [1]. Recently, the deposition apparatus
for the HBC foils has been relocated from the KEK
Tsukuba-site to the JAEA Tokai-site, where a new foil
called J-HBC foil, has been fabricated since 2017 [2]. To
investigate the factors for the very long lifetime of the HBC
foil, the ion beam irradiation tests with a 400-keV ion
implanter in TIARA were carried out and subsequent
microstructure modifications in J-HBC foil were then
studied by TEM observation.

Figure 1 shows typical TEM images and selected area
electron diffraction (SAED) patterns of J-HBC foils for the
cases with non-irradiation and after irradiation of Ar* beam.
From the low-magnification TEM image, grains few
hundred nm in size and derived from the B4C powder in
the cathode, were embedded into the amorphous carbon
and boron matrix. From the high-resolution TEM images
and SAED patterns, shell layers of graphite forming
onion-like structure could be observed on the grain
boundaries. These graphitic layers should be generated at
foil deposition. In addition, the BsC g rains and the

matrix (C+B)

b\

“boundary
(graphite)

onion-like graphitic layers did not change significantly due
to the beam irradiation in this experiment. Meanwhile,
SAED patterns of the matrix area exhibited a drastic
change from a bright and broad ring to several coaxial
circles These results indicate that the amorphous carbon
and boron were crystallized with beam irradiation. Indeed,
the high-resolution TEM image after irradiation of J-HBC
foil at matrix area reveals a mixture of amorphous and
nano-sized crystalline structures as shown in Fig. 1 (b-3).
The HBC foil density with 1.1 g/cm3 is rather significantly
small, thus the beam irradiation easily induced the
amorphous-to-crystalline transition. The beam-induced
crystallization is an important issue to clarify the
macro-scale specific phenomena of stripper foil.
Acknowledgments
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Fig. 1. Typical TEM images and SAED patterns of J-HBC foil for (a) non-irradiation and (b) after irradiation of Ar* beam with 200 nA for 15
min. —(-1): Low magnification TEM image, (-2): high-resolution of the grain area, and (-3): high resolution of the matrix area.
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Utilization Status at TIARA Facility
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Research & Industrial Use

Four kinds of accelerators, a cyclotron and three
electrostatic accelerators (tandem accelerator,
single-ended accelerator and an ion implanter), are used
at the TIARA facility to meet various researchers’ needs.
The activities of research fields that the cyclotron was used
for the past 5 fiscal years are shown in Fig. 1. Total
utilization time amounted to about 2200 hours per year
until FY 2015. However, after FY 2016, the total utilization
time reduced due to the remodeling of a cooling system of
the cyclotron facility and repair of the main coil of the
cyclotron. The trend of each research field also changed
after FY 2016. The utilization time of “Basic Technology of
Quantum Beam” extremely decreased, as compared with
the other three research fields.

On the other hand for the three electrostatic
accelerators, as shown in Fig. 2, the utilization time of
“Material Science” and “Basic Technology of Quantum
Beam” accounted for more than about 60% of the total
time. The utilization time of “Facility use program”
increased since FY 2016, because JAEA users were
categorized into “Facility use program”, changing from
“Internal use”.

The trend of the number of users in the past 5 years is
shown in Fig. 3. The total number of users decreased from
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Fig. 1. Research activities for the cyclotron for the past 5 years.
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Fig. 2. Research activities for the three electrostatic accelerators
for the past 5 years.

FY 2015. The trend of the number of project category
(Internal use, Joint research, Cooperation priority research,
Funded research and Facility use program) for the past 5
years is shown in Fig. 4. The number of projects was in the
range of 120 to 140 per year until FY 2015. However, the
number had decreased since FY 2016, because projects
of “Cooperation priority research”, “Joint research” and
“Internal use” were unified.
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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.

Others

QST Takasaki science festa 2019 was held successfully
in December 10 and 11, 2019 at Takasaki city gallery. The
numbers of oral presentations and the poster sessions
were 23 and 88, respectively. The number of participants
were 563, and 27 decreased as compared with the last
meeting.

The QST Takasaki annual report 2018 including 17
research projects and 88 individual research papers was
published. About 700 books were mainly distributed to
domestic related departments. In addition, 43 English
letters to notify the URL for the download of an electric
version of the annual report were sent to overseas related
departments.
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Operation

In fiscal year of 2019, the AVF cyclotron was smoothly
operated without serious trouble. The total operation time
amounted to 2422 h, and monthly operation times are
shown in Fig. 1. Almost all the beam tuning parameters
were retuned in April after replacement of the cyclotron
main coils completed in March, 2019 [1]. The scheduled
maintenances were carried out from the middle of July to
October and in March. Table 1 shows the statistics of the
cyclotron operation of fiscal 2019, with the data of fiscal
2018 for comparison. 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 40.7%, 8.7%, 46.0%, and 4.6%,
respectively. There was no cancellation of the experiments
due to machine troubles. The accumulative operation time
was 85544 h and the total number of experiments was
12296 from the first beam extraction in 1991 to March,
2020. Table 2 shows the operation time of each ion source.
NANOGAN ion source is used to produce H, D, and He
ions. For production of ions heavier than He,
HYPERNANOGAN ion source is used. OCTOPUS ion
source is mainly used for the cocktail beam of M/Q=5.
Fractional distribution of major ions used for experiments is
shown in Fig. 2. The tendencies of the statistics are similar
to those of the past years.

B Experiments OFacility use program
OMachne study OTuning
= 400
£ 300 ] ]
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Fig. 1. Monthly operation times in fiscal 2019.

Table 2
Operation times of ion sources.

ECR lon source Operation time Ratio
NANOGAN 819 h 29.6 %
OCTOPUS 532 h 19.2 %
HYPERNANOGAN 1419 h 51.2 %

other C;:E/ta”
1% - ?
Metal /.
3%
Ar_/

20

Fig. 2. lon species uséod for experiments in fiscal 2019.
Machine trouble and maintenance

The number of the machine troubles of the year was
135. Twenty-seven out of those troubles needed repair.

The number of the maintenance of the year was 87. The
rubber hoses of the main coils for cooling water were
replaced, because the hoses considerably deteriorated
due to the high temperature and radiation environment for
more than 10 years. In order to avoid air leak into the
vacuum chamber of the beam transport lines when the
actuation valves were accidentally open with interruption of
compressed air supply, the manual operation valves were
installed into all the vacuum systems. The vacuum-tube of
the preamplifier of the RF resonator was replaced by the
last spare tube which was discontinued in 2018. Therefore,
we planned to change the preamplifier system from the
vacuum-tube type to the solid-state one in summer 2020.

The other major items of the maintenance were as
follows: 1) Inspection of the power supplies and the main
RF system 2) Change of lubricating oil for about 50

Table 1 vacuum pumps. 3) Replacements of internal power supply
Statistics for cyclotron operation. and cooling fan in the control systems. 4) Improvement of
Fiscal year 2018 2019 the vacuum system in the No.4 heavy ion room. 5)
Beam service time (h) 473 1196 Replacements of three klystrons of the microwave
I\BAZ?:';;:”S'?L?dgh()h) 22921 1111133 amplifier for the ion sources. 6) Repair of the deflector
Total operation time (h) 786 2429 probe. 7) Periodic inspection of the gas detecting system.
Change of particle and/or energy 76 times 199 times
Change of beam course 74 times 179 times References
Change of harmonic number 23 times 87 times [1] S. Kurashima et al., QST Takasaki Annu. Rep. 2018,
The number of experiments 105 246 QST-M-23, 123 (2020).
Cancellation due to machine trouble 0 0
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In FY2019, three electrostatic accelerators (the 3-MV
tandem accelerator, the 3-MV single-ended accelerator
and the 400-kV ion implanter) in TIARA have successfully
completed operations for all ion irradiation experiments as
planned prior to the beginning of the fiscal year. The total
operating time of the single-ended accelerator, which

started operation in 1991, reached 60,000 h in March 2020.

The annual operating time of the tandem accelerator, the
single-ended accelerator and the ion implanter were 1,752
h, 2,057 h and 1,686 h, respectively. The trends in annual
operating time since the start of operation and the monthly
operating time in FY2019 for each electrostatic accelerator
are shown in Fig. 1 and Fig. 2, respectively. The annual
operating times for three accelerators have been gradually
decreasing in the last few years. In particular, the annual
operating time of the single-ended accelerator in FY2019
decreased significantly, and it reduced by about 15%
compared to the average operation time of the last five
years, except for that in FY2015 when the accelerator
stopped for several weeks due to a serious breakdown.
The decreases in the annual operating times of the tandem
accelerator and the ion-implanter were due to the fact that
the planned outage period in August and December was
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Fig. 1. Trends in annual operating times.
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Fig. 2. Monthly operating times.

about a week to 10 days longer than before. On the other
hand, the annual operating time of the single-ended
accelerator decreased due to the decrement of the number
of applications in addition to the increase in the planned
outage period. Furthermore, there was no use of electron
beams with the single-ended accelerator.

Figure 3 shows the utilization rates of ion species in
each electrostatic accelerator. The Cso ion beams were
most frequently used in the tandem accelerator and the ion
implanter. One of the reasons behind this trend is the
successful development of a high intensity Ceo ion source
[1]. Itis the first time that Hz2 ion beams have been provided
using the single-ended accelerator. The H2 beams were
used for studies on the biological effects of cluster ions.

Table 1 shows the number of major troubles occurred in
each accelerator in FY2019. There were no serious
problems that had to stop the experiment. On the other
hand, there were frequent problems that the accelerator
could not be controlled due to communication errors in the
control network or the terminal hangups.

Reference
[1] A. Chiba et al., Quantum Beam Sci. 4, 13 (2020).
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Fig. 3. Utilization rates of ion species.

Table 1
Number of troubles and maintenances in FY2019.
Tandem Single-ended  lon implanter
Minor trouble 14 11 15
Serious trouble 5 2 0
Maintenance 26 20 12
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Operation of the Electron Accelerator and

the Gamma-ray Irradiation Facilities

S. Uno?), H. Seito?), Y. Nagao?, S. Yamasaki?®,
Y. Haruyama?), T. Agematsu?), M. Hosono?®), N. Nagasawa®?),
N. Yagi®, M. Takagi?, K. Imai® and K. Akaiwa®)

a)Department of Advanced Radiation Technology, TARRI, QST,
b)Takasaki Establishment, Radiation Application Development Association

Operation

The electron accelerator and the %Co gamma-ray
irradiation faciliies in TARRI were operated almost
smoothly in Fiscal Year (FY) 2019.

The annual operation time of the electron accelerator in
FY 2019 was 1,052 h, including 57 h of conditioning
operation. The operation time in recent years is shown in
Fig. 1. There was a lot of trouble in FY 2015. Although there
was a trouble about the high frequency power supply unit
of the accelerator for one month, the annual irradiation time
in FY 2016 increased because long-time irradiation
increased. The annual irradiation time in FY 2018 and 2019
increased because long-time irradiation increased.

The 8°Co gamma-ray irradiation facilities consisting of
three buildings with eight irradiation rooms cover a wide
dose-rate range from 2x 10" Gy/h to 1.1x10* Gy/h as of
January 2020. The annual operation times of the first and
the second cobalt irradiation facilities and the food
irradiation facility were 17,064 h, 15,028 h and 10,423 h,
respectively, as shown in Fig. 2. Based on the revision of
the law on the regulation of radioisotopes etc., the
regulations and implementation guidelines for the
protection of specific radioisotopes at TARRI were
formulated and became operational on September 1, 2019.
Maintenance

- Electron accelerator

The trouble of the horizontal beam line occurred at the
beginning of December 2017, and generation of the
horizontal beam came to a halt. We found that this trouble
was due to trouble at the capacitor on the power supply
circuit for the electron gun, not to trouble at the filament by
the maintenance in 2018. This repair was performed during
the maintenance inspection conducted in October 2019
and we confirmed that the electron beams were generated
from the horizontal beamline.

- Gamma-ray irradiation facilities

The periodical maintenance check mainly on
mechanical systems for radiation source transportation is
performed every year on one of the three gamma-ray
irradiation facilities in turn. The maintenance check of the
food irradiation facility was done in July 2019 with
suspension of operation for 19 days.

The purifier system of the water pools for the three
gamma-ray irradiation facilities was damaged by long-time
use. The activated carbon filter units were renewed in
February 2020. Besides, damaged electrical equipment on
the field control panel was replaced and the water storage

tank circulation system and its piping were installed.

The total amount of °Co sources of all the facilities in
TARRI has decreased by isotope decay. New 6°Co sources
were installed to the second ®°Co gamma-ray irradiation
facility in December 2019. Therefore, the maximum dose
rate has increased in an irradiation room of the second
irradiation facility. In addition, the data logger systems in the
cobalt facilities were updated in January 2020 due to the
end of support for the OS in the systems.

1,200

1,000 BIrradiation BConditioning T R

800
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400

Operation time (h)
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2015 2016 2017 2018 2019
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Fig. 1. Annual operation time of the electron accelerator.
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& Cobalt 60 first facility mCobalt 60 second facility @Food irradiation facility

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

S. Uno?), H. Seito?), Y. Nagao?, S. Yamasaki?®,
Y. Haruyama?), T. Agematsu?), M. Hosono?), N. Nagasawa®?),
N. Yagi®, M. Takagi®, K. Imai®) and K. Akaiwa®

a)Department of Advanced Radiation Technology, TARRI, QST,
b)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 of fiscal year (FY)
2019. Their research fields were classified to ‘Materials
science’, ‘Life science’, and ‘Quantum beam science’.
Figure 1 shows the number of irradiation experiments in
each research field in FYs 2015-2019. The accelerator was
mainly used for NV-center process in diamonds, novel
catalyst materials, graft-polymerization for new absorbent
material and so on. The first cobalt gamma- irradiation
facility was mainly employed for long-term-radiation-
resistant tests, such as polymeric materials used for
accelerators, cables used in nuclear

transferred and integrated from JAEA to QST. Therefore,
the irradiation time of internal users decreased, and that of
‘Facility use program’ using by external users increased.
Especially in the cobalt gamma-irradiation facilities,
because of the influence of procedure for transfer from
JAEA to QST and decrease in long-term irradiation, the
irradiation time decreased in FYs 2016 to 2018 compared
to FY 2015. Irradiation-resistant experiments of various
devices used in the accident of the Fukushima Daiichi
Nuclear Power Station of Tokyo Electric Power Company
were carried out mainly in ‘Facility use program’.

power plants and nuclear reactor mFacility use program B Quantum beam science OLife science B Materials science

facilities. The second cobalt gamma-

irradiation ~ facility, including the @ 300 T glectron accelerator facility 21000 |

irradiation room No.6 operated on hourly 5 £ Cobalt gamma-irradiation facilities

schedule, was mainly wused for g . g 00 |

development of new functional § 2 - . g

materials, such as biocompatible protein o 200 'g b [ - 5

hydrogels and fuel cell separator 2 NS I '§ 600 R

membrane, and other research subjects. % & -

The food irradiation facility of a lower- E E 400 Hi:

dose-rate field was used for radiation- < 100 pe

resistant tests at wide dose-rate ranges E 5 200 |k

and radiation effects of organisms such g ’E

as microorganisms and plants. 2 2 5 BN SEH] N HEH I CESE I
Figure 2 shows the irradiation time of 0 P 0 M
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accelerator the irradiation time Fig. 1. The number of irradiation experiments (FY 2015-2019).

increased in FYs 2017 to 2019 due to 1200 | — 150,000 F —
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Fig. 2. The time of irradiation experiments (FY 2015-2019).
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Radiation Monitoring in TIARA

Safety Management Section

Department of Administrative Services, TARRI, QST

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
2019.

radiation workers in FY 2019. The effective dose values of Nuclide Periods Ist 2nd 3rd 4th Total
almost all radiation workers were below the detection limit Items quarter | quarter | quarter | quarter
of 0.1 mSv. iy collaximum ' 504 | <) 3x10% | <13x107 | <1.2x107
I
The maximum dose of the radiation worker was 0.3 Activity [ 2.8x10’ 0 0 1.5x10° | 1.8x10°
mSv/y by desorption work of positron source. e claximum | 504 [ <1 3x10% | <1.3x10* | <1.2x10*
Activity | 6.9x10° | 2.9x10" | 4.4x10” | 1.8x10° | 9.4x10°®
Maxi y
T.abl.e 1 ‘ ] o ) N concentration — _ — <12x10"
g);tgbutlons of the effective dose of the radiation workers in FY ‘Activity — — — 2 ex10’ | 287107
i concentration|  — — | <3xa0t|  —
Number of persons in each periods Activity — — 2.3%10° — 2.3x10°
Ttems st | 20d | 3d | o4 |, o |concnitanen| — — 5.8x10°7
quarter | quarter | quarter | quarter Br Activity _ _ _ 1.8x10° 1.8x10°
o HE < 0.1 473 585 627 682 882 ) c%@éﬁ{?gﬁ%n <6.9x10"°| <1.3x107 | <7.1x10™"°| <7.7x10™°
Distribution range of 01<HE=10 I 3 0 ] p 7n —
effective dose — i Activity 0 0 0 0 0
LO<HE=50 0 0 0 0 0 Unit : Bg/cm® for Maximum concentration, Bq for Activity.
HE:Effective dose ' | 5.0 < HE = 15.0 0 0 0 0 0
(mSv) 150 < HE 0 0 0 0 0 Monitoring for external radiation and surface
Total number of persons (A) 474 588 628 683 888 contamlnat|9n . Lo
The monitoring for external radiation and surface
Number of persons . . . .
Exposure (B) 0 0 0 0 0 contamination was routinely performed in/around the
above ImSv | (B)/(A)x100(%)]| 0 0 0 0 0 radiation controlled areas. Neither anomalous value of
Mass effective dose (Person*mSv) 0.1 04 03 0.1 09 dose equivalent rate nor surface contamination was
Mean dose (mSv) 0.00 0.00 0.00 0.00 0.00 detected.
Maximum dose (mSv) o1 | 02 | 03 ] 01 | 03 Figure 1 shows a typical example of distribution of the

*1 The dose by the internal exposure was not detected.

(2) Individual monitoring for the visitors and others

Table 2 shows the number of people who temporarily
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 2019.

. Ist 2nd 3rd 4th
Periods Total
quarter quarter quarter quarter
Number of persons 400 447 503 355 1,705

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 2019.

Small amounts of 4'Ar, "'C, '8N, '8F and "’Br were
detected occasionally during the operation of the cyclotron
or experiments, but the particulate substances (6°Zn, etc.)
were not detected.

dose equivalent rate in the radiation controlled area of the
cyclotron building.

EPS¢ ps
x x oS
B o 5

Fig. 1. Dose equivalent rate distribution in the radiation controlled
area of the cyclotron building.

Measurement date : 12th, 24th and 25th March 2020,

Measuring position : Indicated with x (1 m above floor),

Unit : uSv/h.

(The values are not indicated if less than 0.2 uSv/h.)
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Radioactive Waste Management in TIARA

N. Higuchi

Department of Administrative Services, TARRI, QST

Radioactive waste management

The radioactive waste generated in TIARA is managed
by Utilities and Maintenance Section. The main radioactive
waste is the solid waste generated from research
experiments and the maintenance of the cyclotron. Other
radioactive waste is the liquid waste such as inorganic waste
fluids generated from research experiments and the air-
conditioning machines in the radiation controlled area.
These wastes are managed according to their properties.
Radioactive waste is stored in a storage facility and handed
over to the Japan Radioisotope Association for disposal.
Solid radioactive waste

Table 1 shows that the amounts of various types of solid
waste were generated in each quarter of FY 2019.
Combustible waste consists of papers and clothes, and so
on. Flame-retardant waste consists of rubber gloves, plastic

Table 1
Radioactive solid waste generated in FY 2019.

articles, and polyethylene articles. Incombustible waste
consists of metal pieces, the glasses, and contaminated
parts. Solid waste emitting a, 8, and y is classified according
to the properties.
Liquid radioactive waste

Table 2 shows that the amounts of liquid waste were
generated in each quarter of FY 2019. Most of liquid waste
was inorganic waste water generated from chemical
experiments and others were condensed water going out of
the air-conditioner installed in the radiation controlled area.
The largest amount of waste water in summer season (2nd
quarter) was the condensed water. After the treatment of
evaporation of the waste water, inorganic water is reused in
the radiation controlled area. Only small amounts of
concentrated liquid were generated by the treatment.

Amounts Amounts of generation in each period (m°) Number of
1st 2nd 3rd 4th package
tems quarter quarter quarter quarter Total /drum
Category 8, v* 0 0 0.14 0.30 044 22
Combustible 0 0 0.04 0.08 0.12 6
Flame-retardant 0 0 0.04 0.12 0.16 8
Incombustible(Compressible) 0 0 0 0.06 0.12 6
U (Incompressible) 0 0 0 0 0 0
Laboratory animal 0 0 0 0 0 2
Filters 0 0 0 0 0 0
Category a* 0 0 0 0.20 042 21
Combustible 0 0 0 0 0.02 1
Flame-retardant 0 0 0 0.16 0.26 13
Incombustible(Compressible) 0 0 0 0 0 1
U (Incompressible) 0 0 0 0 0 0
Laboratory animal 0 0 0 0.04 0.12 6
Filters 0 0 0 0 0 0
* defined by amount in Bq (B, v ): <2 GBq, (a) : < 37 MBq,
** 50-liter drum.
Table 2
Radioactive liquid waste generated in FY 2019.
Amounts Amounts of generation in each period () Number of
1st 2nd 3rd 4th package
ltems quarter quarter quarter quarter Tol /drum
Category 8, v* 10.84 13.40 7.99 5.93 38.16 -
1)Inorganic 10.84 13.40 7.99 5.93 38.16 -
Inorganic 10.84 13.40 7.81 5.93 37.98 treatment
Sludge, Evaporation residue 0.00 0.00 0.18 0.00 0.18 12**
2)Organic 0.00 0.00 0.00 0.00 0.00 0
Organic 0.00 0.00 0.00 0.00 0.00 0
Oil 0.00 0.00 0.00 0.00 0.00 0
Category a* 0.00 0.00 0.00 0.00 0.00 0

* defined by concentrations in Bg/mL (8, y Inorganic) : < 200 kBq, (Organic) : < 2 kBq, (q) : < 1.85 kBq,

** 50-liter container.
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Facility Use Program in Takasaki Advanced

Radiation Research Institute (TARRI)

S. Nozawa, H. Hanaya and M. Seki

Department of Research Planning and Promotion, QuBS, QST

Introduction

The use of the facilities in TARRI is widely allowed for
many users in universities, public institutes, research-and-
development’s (R&D’s) divisions of private companies, and
so on (hereafter ‘external users’) under Facility Use
Program. Under this program in TARRI, external users can
use gamma-rays, electron beams, and ion beams that have
been provided from the facilities of Co-60 gamma-ray,
electron accelerator, TIARA’s four ion accelerators, and off-
line analytical instruments. When using these facilities,
external users have to pay the operating charge of the
equipment for irradiation.

Charging system of Facility Use Program in FY2019

Charging system of Facility Use Program is classified
based on the purpose of irradiation and disclosure/non-
disclosure experimental results, as shown in Table 1. On
the charging system, the cost of irradiation have been
calculated from the total amount of service charge,
irradiation charge, and additional consumable goods and
human support.

Especially, R&D'’s users, who disclose the experimental
results by publication, are partially discounted for the costs
of irradiation. To receive the discount, users are required to
hand in research proposals to Research Planning and
Promotion Office in TARRI. The proposals were reviewed
by the expert committee members in terms of the
effectiveness of experimental plans. The approved
proposals have been carried out under Facility Use
Program with the partially discounted cost. The users, who
are categorized as Non-R&D’s, such as commercial
irradiation, are charged the additional depreciation cost of
the irradiation facilities.

Table 1
Charging system for Facility Use Program in FY2019.
R&D’s for Non-
public disclosure Others
disclosure R&D’s
Purpose Research and Development Non-R&D'’s
Belonging Non- .
of Results proprietary Proprietary
Dut‘y f(.)r Yes No need to public disclosure
publishing
Chargl*ng A B c
fees
*A = handling fees + expendables fee (other charges are
exempted)
B=Charging fee “A” +irradiation fee +radioactive waste disposal
expenses

C = Charging fee “B” +depreciation cost for irradiation facilities

Number of irradiation experiments in FY2019

The number of irradiation experiments for each facility in
FY2019 were shown in Table 2.

The main users of the four accelerators in TIARA
belonged to universities and public institutes. On the other
hand, many users of Co-60 gamma-ray irradiation facilities
and electron accelerator belonged to private companies.

Table 2
Number of irradiation experiments at each facility under the Facility
Use Program in FY2019.

User’s affiliation

z 2
‘® Llo ®
ili S |O3S|l= al _
Facility % S = g E|
S|2E|lES| R
AVF cyclotron 171 5 | 10 | 32
= | 3 MV tandem accelerator 17 [ 13| 2 | 32
<<
e
3 MV single-ended accelerator | 1 4 1 6
400 kV ion implanter 1219 | 3 |24
Co-60 gamma-ray 43 | 45 [ 121209

irradiation facilities

Electron accelerator 5 10 | 17 | 32

Total 95 | 86 | 154 | 335

Some outside users were inexpert for irradiation
experiments. Therefore, they needed detailed information
about the irradiation facilities and the related techniques of
irradiation experiment. For the convenience of outside
users, Research Planning and Promotion Office in TARRI
provided the information for experiments at our facilities,
such as preparation of request for issuance of entry
permission, procedure of payment, contact person of each
irradiation equipment, and so on.

The additional information about this program is
available on the QST website as follows:
https://www.gst.go.jp/site/qubs/1954.html
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Appendix 1

Publication List

Items 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 that contains hyphen: Serial number of the related paper in Part II.

P1-1

Project “Functional Polymer ”

Papers 2216 (2020). G
1) Y. Zhao, K. Yoshimura, H. Takamatsu, A. Hiroki, Y. 11)O. Myagmarjav, N. Tanaka, S. Kubo, M. Nomura, T. Yamaki,
Kishiyama, H. Shishitani, S. Yamaguchi, H. Tanaka, S. S. Sawada, J. Iwatsuki, H. Noguchi, Y. Kamiji, I. Ioka, T.
Koizumi, A. Radulescu, M. Appavou and Y. Mackawa, Tsuru, M. Kanezashi, X. Yu, M. Machida, T. Ishihara, H.
“Imidazolium-based anion exchange membranes for alkaline Abekawa, M. Mizuno, T. Taguchi, Y. Hosono, Y. Kuriki, M.
anion fuel cells: Interplay between morphology and anion Inomata, K. Miyajima, Y. Inagaki and N Sakaba, “Research
transport behavior”, Journal of The Electrochemical Society, and development on membrane IS process for hydrogen
166, F472-F478 (2019). G, 1-01, 1-02 production using solar heat”, International Journal of
2) L.Bai, Y. He, J. Zhou, Y. Lim, V-C. Mai, Y. Chen, S. Hou, Y. Hydrogen Energy, 44, 19141-19152 (2019). G
Zhao, J. Zhang and H. Duan, “Responsive amorphous Proceedings
photonic structures of spherical/polyhedral colloidal metal- 1) A. M. A. Mahmoud, K. Yoshimura, A. Hiroki and Y.
organic frameworks”, Advanced Optical Materials, 7, Macekawa, “The First Durable Imidazolium-based Radiation
1900522 (2019). N Grafted Anion Exchange Membranes for Alkaline Fuel cells:
3) S. Koizumi, Y. Zhao and A. Patra, “Hierarchical structure of The Impact of Water Management”, 236th ESC meeting,
microbial cellulose and marvelous water uptake, investigated [Atlanta, USA] Abstracts, I01B-1487 (2019/10). G
by combining neutron scattering instruments at research 2) Y. Zhao, “Small-angle Scattering Study for Developing
reactor JRR-3, Tokai”, Polymer 176, 244-255 (2019). N Alkaline Durable Imidazolium-Based Grafted Anion
4) T.D. Tap, L.L. Nguyen, Y. Zhao, S. Hasegawa, S. Sawada, Exchange Membranes for Pt-Free Fuel Cells”, 32nd
N.Q. Hung, L.A. Tuyen and Y. Maekawa, “SAXS European Crystallographic Meeting, [Atlanta, USA]
investigation on morphological change in lamellar structures Abstracts, MS20-05 (2019/10). G
during propagation steps of graft-type polymer electrolyte 3) K. Yoshimura, Y. Zhao, A. Mahmoud, A. Hiroki, H.
membranes for fuel cell applications”, Macromolecular Shishitani, S. Yamaguchi, H. Tanaka and Y. Mackawa,
Chemistry and Physics 221, 1900325 (2020). G, 1-01, 1-02 “Structural Designs of Alkaline Durable Imidazolium-
5) S. Hasegawa, A. Hiroki, Y. Ohta, N. limura, A. Fukaya and Y. Containing Anion Conducting Membranes Prepared by
Mackawa, “Thermally stable graft-type polymer electrolyte Radiation-Induced Grafting for Pt-Free Fuel Cells”, 2019
membranes consisting based on poly (ether ether ketone) and MRS Fall Meeting, [Boston, USA] Abstracts, EN04.01.05
crosslinked graft-polymers for fuel cell applications”, Radiat. (2019/10). G
Phys. Chem., 171, 108647 (2020). G,1-01,1-02 4) A. Hiroki, S. Okushima, K. Yoshimura, Y. Zhao, H.
6) FEA Fil, HO JOIE, “BUBREARGE S VAR T 5K Shishitani, S. Yamaguchi and Y. Maekawa, “Crosslinking
U~ —F ViRt LET #4”7, RADIOISOTOPES, 68, Effects of Anion-conducting Polymer Electrolyte
277-283 (2019). E, G Membranes on their Properties”, 10th International
7) A. Kitamura, T. Yamaki, Y. Yuri, H. Koshikawa, S. Sawada, T. Membrane Science & Technology Conference, [Sydney,
Yuyama, A. Usui and A. Chiba, “Control of the size of Australia] Abstracts, 115 (2020/2). G
etchable ion tracks in PVDF - Irradiation in an oxygen 5§) &HAT A%, H. Yu, ¥4 ==, AR EE, BH Fx,
atmosphere and with fullerene C60”, Nucl. Instrum. Meth. g, o 8, B B, R Bk, A7
Phys. Res. B 460, 254-258 (2019). C U LIH BT DS RS T 7 NI T = A B D B iR
8) Y. Inagaki, N. Sakaba, N. Tanaka, M. Nomura, S. Sawada and BRI PR A E O BALR”, B 62 [RIUR B R R
T. Yamaki, “MEEAFEKFEMES —BEBERT IS 7't 2k =, (IR, BE] EELE, 1-0 07 (201909). G
WOBRE =", HAMEK 33, 73, 194202 (2019). G 6) *EM FEBL, RA/)I M, A =i, AT & #iil &
9) S. Sawada, M. Yasukawa, H. Koshikawa, A. Kitamura, M. B, KRR 7 NE AL D E S FERE RO A L
Higa and T. Yamaki, “/= /¥ —HAA L E—AILLD ~ BT T A ry — L E A HEREMEE D BIR
WKIEME R FA | T =A LV ZZHIEOBF”, B AEK ~7, AL BRI IS X IR JE S i s R 2, [
gk 73, 208-216 (2019). G BRE, W] BEE, P-36 (2019/12). G
10) S. Sawada, H. Koshikawa, A. Kitamura, M. Higa and T. 7) %48 EEBL, &I M, AR Z=|iE, ai)ll BERk, M
Yamaki, “lon and water transport properties of cation BT ITNERIEIEAR) 7 2= AV T AR B FER EL
exchange membranes prepared by heavy-ion-track grafting T-@ o TEMEROG ", H9E CSI b7 =A% 2019,
technique”, Separation Science and Technology 55, 2211- [#T—FR— Va8, R EEHE, P5-091 (2019/10).
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G 12) S. Sawada, T. Kimura, H. Nishijima. N. Tanaka, S. Kubo. S.
8) W EH—, BT f@E—, sl AN, Bl HERL “ES Imabayashi. M. Nomura and T. Yamaki, “Development of
EIREED A A ARGV 2 BT 35, 29l low-overvoltage membrane Bunsen reaction technology for
CSIALZET7 = AK 2019, [# T —R—/UihdE, ] EEE, thermochemical IS process”, World Hydrogen Technologies
12-03 (2019/10). G Convention 2019, [HRE7+—TF 4, W] HEHE,
9) JEMH H—, “BEEEIC S I MU EREEOES 02-1 (2019/6). G
LR, 6 68 W& M Fitime, [(RHRT, @ 13) BE Bk “MibtoFaEl i AEEiveE s FERE
I] B, 2G16 (2019/9). G WEDA A2 Fos FAMEEDRENT, 5 68 BIf5 152
10) S5 BE, Al FERR, IS £R7E, ML 780 )ik FERKRE, [RBOSLERR S, KR ZE4E, 1Pa037
LT AR — R AL B D T BIRE A A F v L (2019/5). G
HEEDINT, 5 68 Mmoo Filiws, [, 18IF]  Patent
FE4, 1G12 (2019/9). G 1) HiH &, &F 0. & T A B, B
11) FHH =, o fE—, #E AN, Bl HERL, Bk e R h, BRI L OVEMRE O RS L
BNCLA BN T 7 VBB O 7 o b BT, FEFFES 6522394 5 (2019.05.10). G
5 56 17 AY b= BURHRITIESE R 2, [ROUKF, B
W] EEE, 1p-111-0 (2019/7). G
P1-2 Project “Advanced Catalyst”
Papers D. Tsuya, S. Yamamoto, N. Ohkubo, N. Ishikawa and Y.
1) S. Yamamoto, H. Koshikawa, T. Taguchi and T. Saitoh, “Ceo ions of 1 MeV are slow but eclongate
Yamaki, “Precipitation of Pt Nanoparticles inside Ion- nanoparticles like swift heavy ions of hundreds MeV”, Sci.
Track-Etched Capillaries”, Quantum Beam Science 4(1), Rep. 9, 14980-1 (2019). C
(2020). C,E 9) A. Idesaki, Y. Kanuma, S. Yamamoto, M. Sugimoto, Y.
2)  A. Idesaki, S. Yamamoto, M. Sugimoto, T. Yamaki and Y. Mackawa, T. Yamaki, “Fabrication of a nitrogen-doped
Maekawa, “Formation of Fe Nanoparticles by Ion carbon catalyst from a precursor polymer using the electron
Implantation Technique for Catalytic Graphitization of a beam irradiation technique”, Jpn. J. Appl. Phys. S8,
Phenolic Resin”, Quantum Beam Science 4(1), (2020), SDDFO03 (2019). |
1 10) A. Kitamura, N. Ishikawa, K. Kondo, S. Yamamoto, T.
3) H. Okazaki, K. Kakitani, T. Kimata, A. Idesaki, H. Yamaki, “FE-SEM observation of chains of nanohillocks in
Koshikawa, D. Matsumura, S. Yamamoto and T. Yamaki, SrTiO3 and Nb-doped SrTiOs surfaces irradiated with swift
“Change in electronic structure of carbon supports for Pt heavy ions”, Nucl. Instrum. Meth. Phys. Res. B 460, 175-
catalysts induced by vacancy formation due to Ar" 179 (2019). LS
irradiation”, J. Chem. Phys. 152, 124708 (2020), | 11) A. Kitamura, T. Yamaki, Y. Yuri, H. Koshikawa, S. Sawada,
4) T. Kimata, K. Kakitani, S. Yamamoto, T. Yamaki, T. Terai T. Yuyama, A. Usui and A. Chiba, “Control of the size of
and K.G. Nakamura, “Platinum nanoparticles on HOPG etchable ion tracks in PVDF - Irradiation in an oxygen
surface modified by 380keV Ar" irradiation: TEM and atmosphere and with fullerene Ceo”, Nucl. Instrum. Meth.
Raman studies”, Radiat. Eff. Defects Solids 175, 433-439 Phys. Res. B 460, 254-258 (2019). CT
(2020), | 12) S.Ito, T. Mori, A. Suzuki, H Okubo, S. Yamamoto, T. Sato
5) R. Li, K. Narumi, A. Chiba, Y. Hirano, D. Tsuta, S. and F. Ye, “Design of active site at heterointerface between
Yamamoto, Y. Saitoh, N. Okubo, N. Ishikawa, C. Pang, F. brownmillerite type oxide promoter and fluorite cubic ZrO>
Chen and H. Amekura, “Matrix-material dependence on the in anode of intermediate temperature SOFCs”, ACS Appl.
elongation of embedded gold nanoparticles induced by 4 Energy Mater. 2, 7, 5183-5197 (2019). LS
MeV Ceo and 200 MeV Xe ion irradiation”, Nanotechnology ~ 13) N. Tanaka, T. Yamaki, M. Asano and T. Terai, “Effect of HIx
31(26), (2020). T solution concentration on ion-exchange membrane
6) S. Sakaguchi, T. Sakurai, A. Idesaki, H. Koshikawa, M. performance in electro-electrodialysis”, J. Membr. Sci. 587,
Sugimoto and S. Seki, “Highly Efficient Solid-State Intra- 117171 (2019). C,G
Track Polymerization of Ethynyl-Substituted 14) FE3E Zn2, Wi AR, HH (B, B4 @50, #H
Spirobifluorenes  Triggered by Swift Heavy Ion B, )& i, “BEEekEtS — BT IS 7
Irradiations™, J. Photopolym. Sci. Technol. 33, 91-96 (2020). o AT OB —7, HARMAKTFRE, 73, 194-202
C (2019). C,G
7) H. Okazaki, K. Terashima, D. Billington, K. Iwata, T. 15) J\& fitth, “WEELTETE—L 1 EOHSW ~HT=
Wakita, M. Tanaka, Y. Takano, Y. Muraoka and T. Yokoya, TRRFGERR R 7T N7 — L ~DHIE~", B ARFEKFEE
“Change in the electronic structure of the bismuth i, 73, 181 (2019). C, G
chalcogenide  superconductor ~ CsBid—xPbxTe6 by 16) M E—, 22l Bz, #)I 1, EL4 86, b
dissociation of the bismuth dimers”, J. Phys. Condens. I\ i, “ETm X —EAA U — ALK
Matter 32, 145501 (2020). T,1 MERATF AL 7T=A U RRHREOR”, HARMEKES
8) H. Amekura, K. Narumi, A. Chiba, Y. Hirano, K. Yamada, 5, 73,208-216 (2019). C G
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17)

18)

19)

20)

21)

22)

23)

24)

25)

S. Sawada, H. Koshikawa, A. Kitamura, M. Higa and T.
Yamaki, “lon and water transport properties of cation
exchange membranes prepared by heavy-ion-track grafting
technique”, Sep. Sci. Technol. 55, 2211-2216 (2020).
GG
O. Myagmarjav, J. Iwatsuki, N. Tanaka, H. Noguchi, Y.
Kamiji, I. Ioka, S. Kubo, M. Nomura, T. Yamaki, S. Sawada,
T. Tsuru, M. Kanezashi, X. Yu, M. Machida, T. Ishihara, H.
Abekawa, M. Mizuno, T. Taguchi, Y. Hosono, Y. Kuriki, M.
Inomata, K. Miyajima, Y. Inagaki and N. Sakaba, “Research
and development on membrane IS process for hydrogen
production using solar heat”, Int. J. Hydrog. Energy 44,
19141-19152 (2019). C G
A. Kitamura, N. Ishikawa, K. Kondo, Y. Fujimura, S.
Yamamoto and T. Yamaki, “FE-SEM observations of
multiple nanohillocks on SrTiO3 irradiated with swift heavy
ions”, Trans. Mat. Res. Soc. Jpn. 44, 85-88 (2019). L, S
T. Taguchi, S. Yamamoto and H. Ohba, “Synthesis of novel
hybrid carbon nanomaterials inside silicon carbide
nanotubes by ion irradiation”, Acta Materialia 173, 153—-162
(2019). LS
K. Amemiya, H. Koshikawa, M. Imbe, T. Yamaki and H.
Shitomi, “Perfect blackbody sheets from nano-precision
microtextured elastomers for light and thermal radiation
management”, J. Mater. Chem. C 7, 5418-5425 (2019).
C
T. Kimata, K. Kakitani, S. Yamamoto, T. Yamaki, T. Terai
and K. G. Nakamura, ‘“Raman spectroscopy of Ar*-
irradiated  graphite  surfaces supporting  platinum
nanoparticles”, Nucl. Instr. Meth. Phys. Res. B 444, 6-9
(2019). 1
H. Ishitobi, S. Sugawara, K. Oba , T. Hirano, H. Doki, Y.
Handa, Y. Sato, S. Yamamoto and N. Nakagawa, “Highly
Active Electrode With Efficiently Added Surface Oxygen
Groups for a Vanadium Redox Flow Battery”, Journal of
Electrochemical Energy Conversion and Storage, 17(3),
031001, (2019). E
N. Nakagawa, H. Ishitobi, S. Abe, M. Kakinuma, H.
Koshikawa, S. Yamamoto and T. Yamaki, “A novel method
to enhance the catalytic activity of PtRu on the support using
CeO2 by high-energy ion-beam irradiation”, Catalysis
Today, (2019). I
I EE, Rk EE, /U8 Rl TREMEIEFHEIC
BB T L —2FRED TR, BB,
108, 11-17 (2019). N

Proceedings

1))

2)

3)

s A, JEK HEE, B, RS =8, Uk #
th, F OFEE], TRUUGE 99.5%LL b &M@ Tt A &
W SE L7 TR B — R BRFE ~ Dk [#HfrmiE], o
SLYDN= T =T+ =T LR A 2019, [HRHEHEX],
(2019/11). C
FRE R, K BEY, B B8, & VER), I fE,
& i, “EToNERINTHEMOE R —F &
U ACPES I SE | 6 - SLECRBA I - BROBBR B [P FF
], PERIET 2 /7)Y 7 27 2019 in LU, [T
], (2019/10). C
T. Ozaki, S. Semboshi, T. Sueyoshi, H. Okazaki, H.
Koshikawa, S. Yamamoto, T. Yamaki and H. Sakane,
“Vortex dynamics of REBCO films irradiated with low-

4

5)

6)

7

8)

9)

10)

11)

12)

13)

14)

15)

16)
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energy ion irradiations”, [Invited talk], Materials Research
Meeting 2019, [Yokohama], (2019/12). T, 1
S. Yamamoto, T. Taguchi, A. Idesaki, H. Okazaki, H.
Koshikawa, T. Yamaki and T. Mori, “Electron-Beam-
Induced Formation of Pt Nanoparticles on Oxide Films”,
[ Invited talk ], 20th International Union of Materials
Research Societies International Conference in Asia,
International Union of Materials Research Societies, [Perth,
Australia], (2019/9). E
T. Ozaki, S. Semboshi, T. Sueyoshi, H. Okazaki, H.
Koshikawa, S. Yamamoto, T. Yamaki and H. Sakane,
“Vortex pinning landscape by ion irradiation for REBCO thin
films”, [Invited talk], Cryogenic Engineering Conference
and International Cryogenic Materials Conference 2019
(CEC-ICMC 2019), [Hartford], (2019/7). T, 1
HEOKE, A EGL, BA H—, U i, “EAo
A — AL D EIEREAA A O B %E”, 55 22 [al{k,
FLFRTFAERRE, [RAHSTAIX], CO1 (2020/3).
C,G
ANE Pgsm, b WD, AT 2N, LA R, R
2, PN A, N FUT AL Ry AT —E Ml
WD — RN BRRICE RN 520887, by T
e, [ KB E ], (2020/03). E
FNE FRHE, VK MESE, BN 1, B B8, B M
th, I FER], A7 ZERIN LIRS R B (R
—bF) OBRFELREBILORTL", HAICFARFE IR
HEE, [RKKFar o varkry—], (2019/12).  C
B OKE, WA gL, A 2, JUE fi, Bk
FKFRE 1S T AR BIA A SRR OBESE”,
39 KRBT — R, [ME], P17 (2019/12).
C,G
MAE \l, CEVR R, AR O, R4e i, B 8
WA Fth, “AA4 L HBE GaAs HiEfHICBITDE T 74/
UREEROBE AL — L AFHAT, B 30 EDCHHERTSE
£ [FRH], (2019/12). 1
HlRE 52, (LA R, 2K e, )& L @it
TEALT D — R IR 5 F DT T 7 7 A MEE T R 5
)7, 5 46 [URFEMEERES, [WILKE]2019/11).
I
A. Idesaki, S. Yamamoto, M. Sugimoto and T. Yamaki,
“Formation of Fe Nanoparticles for Catalytic Graphitization
of a Phenolic Resin Utilizing lon Implantation Technique”,
29th Annual Meeting of MRS-J, [Yokohama], (2019/11).
I
S. Yamamoto, H. Koshikawa, T. Taguchi, A. Idesaki, H.
Okazaki and T. Yamaki, “Formation of Noble Metal
Nanoparticles inside Ion-Track-Etched Capillaries”, 29th
Annual Meeting of MRS-J, [Yokohama], (2019/11). E, C
H. Okazaki, A. Idesaki, H. Koshikawa, D. Matsumura, S.
Yamamoto, Y. Maekawa and T. Yamaki, “The change of
electronic structure at the interface between Pt nanoparticles
and the carbon support by the ion irradiation”, 29th Annual
Meeting of MRS-J, [Yokohama], (2019/11). 1
H. Okazaki, A. Idesaki, H. Koshikawa, S. Yamamoto, Y.
Maekawa and T. Yamaki, “The improvement of corrosion
resistance of carbon by the ion irradiation”, 29th Annual
Meeting of MRS-J, [Yokohama], (2019/11). 1
AR g, O R, & Rz, s, LR AR,
Vxy a—U¥y, “PEFC Y —RKHEHRRN—T H—R



17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

B RT3 D 2K 1 K WAl 2 L DTGNS A MR L BLK
PEIHIZIRT, 55 29 M AA MRS FRAZR, [Hiik],
(2019/11). E
N. Nakagawa, H. Ishitobi, S. Abe, M. Kakinuma, H.
Koshikawa, S. Yamamoto and T. Yamaki, “Improved
catalytic activity of PtRu/CECNF by the
irradiation to the CECNF support”, Innovative Materials and
Processes in Energy Systems (IMPRES2019), [Kanazawa],
(2019/10). C
H. Ishitobi, S. Yamamoto, T. Ishii, K. Oba, H. Doki, N.
Nakagawa, “Enhancement of electrochemical activity of

ion-beam

vanadium redox flow battery by electron-beam irradiation”,
Innovative Materials and Processes in Energy Systems
(IMPRES2019), [Kanazawal], (2019/10/21). E
A. Idesaki, S. Yamamoto, M. Sugimoto, T. Yamaki,
“Synthesis of Graphitic Nanostructure from Metal-ion
Implanted Precursor Polymer”, The 13th Pacific Rim
Conference of Ceramic Societies (PACRIM13), [Okinawa],
(2019/10). I
N OKE, A EL, EBE H—, s fidh, “AA
E—LMRENZ XD U T A AR S, 5 9 [l CST Ak
7= A4 2019, [fiYE] P1-102 (2019/10). C G
H. Doki, H. Ishitobi, S. Yamamoto, K. Oba and N. Nakagawa,
“Activation of carbon electrode for vanadium redox flow
battery by electron beam-irradiation”, 18th Asian Pacific
Confederation of Chemical Engineering, [Sapporo] (2019/9).
E
K. Honma, S. Ito, T. Sato, T. Mori, A. Suzuki and S.
Yamamoto, “Electron beam irradiation synthesis of non-
platinum nitrogen doped carbon without high temperature for
cathode of PEFC”, 20th International Union of Materials
Research Societies International Conference in Asia, [Perth,
Australia] (2019/9). E
N. Nakagawa, H. Ishitobi, S. Abe, M. Kakinuma, H.
Koshikawa, S. Yamamoto and T. Yamaki, “Ion-beam
irradiation to the CECNF support of the anode catalyst for
DMFC”, 18th Asian Pacific Confederation of Chemical
Engineering, [Sapporo], (2019/9). C
K. Amemiya, Y. Shimizu, H. Koshikawa, M. Imbe, T.
Yamaki and H. Shitomi, “Large-Area Perfect Blackbody
Sheets from Nano-Precision Microtextured Elastomers”,
Proc. OSA Frontiers in Optics + Laser Science (FiO/LS
2019), [Washington, District of Columbia, USA] (2019/9).
C
T. Kimata, K. Kakitani, S. Yamamoto, T. Yamaki, T. Terai
and K.G. Nakamura, “Ar-ion-irradiated graphite with
platinum nanoparticles studied by Raman spectroscopy”,
30th International Conference on Diamond and Carbon
Materials, [Seville, Spain], (2019/9). I
I B, W0 AE, & R, e B, R

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

s 2z, Wi se, B [, fakd R, LA R,
A BERR, B M, “AA e —aMRE U7 R FERR
Lo Pt S RO FREHE ST, A AT
2019 FAKFER LS, [ B1T), 10aK21-4 (2019/9). I
I, IR B, 2R R, BE 2, /U8 #)]
th, “AA IR W& R a—r D
%7, 2019 HEKALFEKTERE, [FIFTT], 1F07 (2019/9).

C
A E=Fn, MR BUE, BE OB, LA BB, Mg %
Z, B, I AT, BN ARTARDPDINEK
FEBOH T =0 OBELRALFKFZR T, 2019 FEXIL
KRS, (2019/09/05). S
A b, mo Ewl, 81, fe 22, m s,
B fith, “ETRRETTIEICL D MRS N ~D

H&BT RITIER, 2019 FEBXALFHERE, [T
7], 1F05 (2019/9). C,E

A. Idesaki, S. Yamamoto, M. Sugimoto and T. Yamaki,
“Study of graphitization behavior of metal-ion implanted
precursor polymer”, Carbon 2019, [Lexington, U.S.A.],
(2019/7). I

M. Kakinuma, H. Ishitobi, N. Nakagawa, H. Koshikawa, S.
Yamamoto and T. Yamaki, “Development of an MCH-based
electrochemical pump for hydrogen transport and storage”,
18th Asian Pacific Confederation of Chemical Engineering,
[Sapporo], (2019/9). S
H. Koshikawa, S. Yamamoto, M. Sugimoto, S. Sawada and
T. Yamaki, “Fabrication of TiO2 Nanocones Using Ilon-
Tracks 10th International
Conference on Molecular Electronics and Bioelectronics
(M&BE10), [Nara], AP2-14 (2019/6). C
S. Sawada, T. Kimura, H. Nishijima, N. Tanaka, S. Kubo, S.
Imabayashi, M. Nomura and T. Yamaki, “Development of

of Polymer Membranes”,

low-overvoltage membrane Bunsen reaction technology for
thermochemical IS process”, World Hydrogen Technologies
Convention 2019, [ UES TR H X], (2019/6). C G

B OKE, A CHZ, BR s, 480 B8, 5 H
H—, & fidh, W s, Ak Bi6, “BMEiKER
i IS e A MR SRR OB B AT, H AR
D Al B4, [RARH], P-14S (2019/5). G
LBy SE, VTN BEKER, FEE WL & i, Bl
BH B—, EE 56, @I BUR, W i, A4
WS 77 NEGIEICR D EF AR EIROER K OED
PERERTAM”, 2019 4R H AHE K725 70 £, [,
0-07, P-06S (2019/6). C
R. Ueno, K. Takeuchi, T. Yamaki, S. Sawada, H. Koshikawa,
Y. Kakihana, M. Yasukawa, M. Higa, “Evaluation of Charge
Mosaic Membrane Prepared by lon-track Irradiation Graft
Polymerization”, The 12th Conference of the Aseanian
Membrane Society, [Jeju, Korea], P2-131 (2019/7). C

Book

BAS, PPF ACHE, MR 2T, BN B A HEsH R 1) BE E—, | g, OB i, A% Bk, B
filth, BE B, MK TALA WOk T- ek R B E A EpiL, KRB IR, BRI S, (2019).  C,G
\CEDET /UL DIERRLEZ OB AHIE”, 5 62 Fjik  Press-TV

SRR, [BOE], (2019/9). C 1) [E BB, BI =, g B2E, /U fdh, & EE,
RIG Fhd, MR BUR, AR K=, TR B, K5 4 CATOXEWINTARBOREE —~ — ] 1 &
BR, R 22z, @l 18, (LR Fdh, & fith, SR FeRIL R L AN Z O RE O BAFEM —7, 2019/4/24 7
1=, “Au AV L7- YBaxCusOy HERREDRERE Y =0 VRIS i 23 MK GRe i, (b TEB W, HR%E
TR, 2019 FE55 80 [HliG AL 2SR RIE S, SEHTR, S ML, BT, E AT, A ERE
[FLM2], (2019/9). T,1 B, BT TR, AR AT, FooeHti ORI,
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s H T, w1 A TR R, HEHEE, dbviE i, fE
AH BT, AR, AR, BT, AT,
S H N AT, PR R, B ARG, D
HilD) (e E. MRS 5 FE(THtoREE 2019 4F 7 AR,

Newton2019 4 8 A 5, BHEEHEE milsil70 5, HELD
<0 2019 %9 H &, ATl OPTRONICS 2020 43 H &)
IZHBE. TLEE 3 (FLE R U— L REYRAYF

FANR, TBS T4 FRARBELALZ L NA | BUIGIZT X7,
TBS FLE NRZ¥ 3 aw=a—2R) Tk, Fvh=a—2A
% 8 {f (Yahoo!==—AN'w 7R, BEHRvha L, 8 H
B2 %)1, ITmedia NEWS, H#% XTECH, FNN PRIME
online, ¥/ FE=a—2Z, INE, BLLAZE ! 7 —
PN I AGRRRIE DT I FBHL. C

P1-3 Project “Positron Nanoscience”

Papers

1) M. Mackawa, S. Sakai, S. Hagiwara, A. Miyashita, K. Wada,
A. Kawasuso, A. Yabuuchi and S. Hasegawa, “Magnetic
Doppler Broadening Measurement on Gadolinium-doped
GaN”, AIP Conf. Proc. 2182, 050007-1-4 (2019). L, 0O, 1-17

2) M. Maekawa, K. Wada, A. Miyashita and A. Kawasuso,
“Construction of a Spin-Polarized Positronium Time-of-
Flight Measurement Apparatus”, Acta Physica Polonica A 137,
105-108 (2020). N

3) A.Miyashita, S. Li, S. Sakai , M. Maekawa and A. Kawasuso,
“Spin polarization of graphene on Co2FeGeo.sGao.5(001)
observed by  spin-polarized  surface  positronium
spectroscopy”, Phys. Rev. B 102, 045425 (2020). N

4) M. Maekawa , A. Miyashita , S. Sakai and A. Kawasuso,
“Gadolinium-implanted GaN studied by
positron annihilation spectroscopy”, Phys. Rev. B 102,
054427 (2020). N

5) K. Wada, M. Maekawa, I. Mochizuki, T. Shidara, A.
Kawasuso, M. Kimura, T. Hyodo, “A pulse stretcher for a

spin-polarized

LINAC-based pulsed slow-positron beam providing a quasi-
continuous beam with an energy of 5.2 keV”, Nucl. Instrum.
Meth. Phys. Res. A 975, 164161 (2020). N
6) T. Yamada, A. Takano, K. Sugita, A. Iwase, M. Maekawa, A.
Kawasuso, “Effect of dual implantation with Ag and Ni ions
on the optical absorption of silica glass”, Transactions of the
Materials Research Society of Japan 45, 138 (2020). N
7) M. Macekawa, S. Sakai, A. Miyashita and A. Kawasuso, "Spin-
Polarized Positron Annihilation Measurement on Ga
Vacancies in p-type GaN", e-J. Surf. Sci. Nanotech. 16, 347-
350 (2018). I, 1-17
8) A.Iwase and F. Hori, “Modification of lattice structures and
mechanical properties of metallic materials by energetic ion
irradiation and subsequent thermal treatments”, Quantum
Beams Sci. 4, 17 (2020). T, 1-18
Proceedings
1) L Mochizuki, K. Wada, Y. Fukaya, T. Shirasawa, Y. Endo, A.
Takayama, S. Hasegawa, A. Ichimiya, Y. Nagashima, M.
Mackawa, A. Kawasuso, A. Ishida, N. Toge, K. Furukawa, Y.
Nagai, T. Hyodo, "Present Status of the Slow Positron Facility
of Institute of Materials Structure Science, KEK”,15th
International Workshop on Slow Positron Beam Techniques
& Applications (SLOPOS-15) , September2-6, 2019, Prague,
Czech. N
2) M. Mackawa, K. Wada, S. Hagiwara, A. Miyashita, a.
Kawasuso, “Construction of a spin-polarized positronium
time-of-flight measurement apparatus”, 15th International
Workshop on Slow Positron Beam Techniques & Applications
(SLOPOS-15), September2-6, 2019, Prague, Czech. N

3) K. Wada, T. Shirasawa, I. Mochizuki, M. Fujinami, T.
Takahashi, M. Maekawa, A. Kawasuso and T. Hyodo, “A low-
energy positron diffraction (LEPD) experiment station for a
linac-based slow-positron beam” , [ Invited talk ], 15th
International Workshop on Slow Positron Beam Techniques
& Applications (SLOPOS-15) , September2-6, 2019, Prague,
Czech. N

4) A. Kawasuso, S. Hagiwara, K. Wada, M. Maekawa, A.
Miyashita, S. Li, S. Entani, S. Sakai, S. lida, T. Kaiwa, H.
Iwamori and Y. Nagashima, “Positronium Formation at Metal,
Semiconductor and Graphene Surfaces”, [Invited talk], 15th
International Workshop on Slow Positron Beam Techniques
& Applications (SLOPOS-15) , September2-6, 2019, Prague,
Czech. N

5) K. Wada, T. Shirasawa, 1. Mochizuki, M. Fujinami, T.
Takahashi, M. Masaki, A. Kawasuso and T. Hyodo,
“Improvement of a detection system for observing low-energy
positron diffraction using a linac-based slow-positron beam”,
[Invited talk], 4th Japan-China Joint Workshop on Positron
Science, October 28- November 2, 2019, Nara, Japan. N

6) HiJICHERST, Fn . = FEE, AR, FHRES | “Ar
TRAEAR Y b= AFRATIRF R E LS E OBRSE”  AAT A
V=T 56 BT AV M= UM SRR R S A
JTTETH 4R, N

7) AR BB ORE L CET BO. B KR BUR TR
ARk KB, BIWE &2, RN SiC HiffmRmEIzkiT5
ARUMR=YAER” HART AV N—T e 56 7 AV K
— 7 BURBMT SR S SRIocE T H 4 B N

8) FnH fa, = M. A HiE. R EAC, Rl OHERT
AR EE. &k P, K B “Ge(001)-2x1 KEM
SOIEH G F B IE OB T Ge(001)-2x1 REND
DIRIERRSEF TR OB 117, RAT AV =Tt
55 56 BT AV M—7" BRI TR R R S BFICE T H 4
H. N

9) FnH fd, 2% W, LA WM. R B, B0 SRR
AR BE. @ B, LB BRI, R E 1 i
EORRFR” . E2 R KT AT 5 E R £
i« S D e SEImbI JERR T | B FOTAE 9 H 4~6 H. N

10) /)1 HERST, B8 3RWE]. Fnl &, w R BB R R
CRE ARG T T — 2% O T R IR g R R
BEOZE LA BTG . A A E Y2 2019 FFRKF R
TRICHE9 AR, N

11) Fin A, SRR, 2R U, ERIR R A HERST, AT
B, afsn s, gk, R E F BT (LEPD) D
FrSCAEEBR S 2019 F B AR I H 22 P2 ATk 2
AFITLHE 10 H 30 B. N

12) Forfd, ST, 2 A HviE, BRRELAC . Bl I HERT, ST 48

B Sa S SLEHE K, “Observation of low-energy
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positron diffraction patterns with a linac-based slow-positron
beam” [HAFFHE]L 2019 4 H A i B 22 22 A i
SAFIIEAE 10 A 30 H. N

13) i 4E JE55 . Fom G, A0 OHERS, BN KB AR KIE,

Flg #2 . “4H-SiC RAENCRIT IR = MR &
FTCAE AR B R E AR T IR S B P i 2 2
(s Rl Re T OB T2A~DIGH] SFTE12 A5 H.

N

14) /i1 FERSE, AR f, B R BEL. FRKIE B R BEE
ARG U b= AT IRE R E 2B OB R 4
FITTAFAR A R E A TR IR AR Je pr R P JE &
(SRR OH T2A~DIGH] SFITE12 A5 H.

N
15) FnH e, FRMmEA, 2 A M, RIS, A0 HERT , TTHE
JE5 | EREH S SREEBR, “RIERSE A [T E ~ DR
AR ) — R IR HER OB N | A FI oA R K
BEFET IR AR e A ge 2 [ B R e DB
THA~OISH) AfotdE 12 A 5 H. N
16) o485 J& 5 | “AL AR E % 2 AR v ha = A B
B OFAG” [BFrkE], A%EEEA B AR KT
R 75 A = ABMMETE SR 2 427 A 22 A.

N

P1-4 Project “Semiconductor Radiation Effects”

Papers
1) T Makino, S. Onoda, T. Ohshima, D. Kobayashi, H. Ikeda and K.
Hirose, “A Methodology for reconstructing DSET pulses from
heavy-ion broad-beam measurements”, Quantum Beam Sci., 4,
15-1-9 (2020). C
2) D. Kobayashi, K. Hirose, K. Sakamoto, S. Okamoto, S. Baba, H.
Shindo, O. Kawasaki, T. Makino, T. Ohshima, Y. Mori, D.
Matsuura, M. Kusano and T. Narita, ‘“Data-retention-voltage-
based analysis of systematic variations in SRAM SEU hardness:
A Possible Solution to Synergistic Effects of TID”, IEEE Trans.
Nucl. Sci., 67, 1, 328-335 (2020). C G
3) A.Rifai, N. Tran, P. Reineck, A. Elbourne, E. Mayes, A. Sarker,
C. Dekiwadia, E. P. Ivanova, R. J. Crawford, T. Ohshima, B. C.
Gibson, A. D. Greentree, E. Pirogova and K. Fox, “Engineering
the interface: nanodiamond coating on 3D-printed titanium
promotes mammalian cell growth and inhibits staphylococcus
aureus colonization”, ACS Appl. Mater. Interfaces 11, 24588-
24596 (2019). E
4) K. C. Miao, A. Bourassa, C. P. Anderson, S. J. Whiteley, A. L.
Crook, S. L. Bayliss, G. Wolfowicz, G. Thiering, P. Udvarhelyi,
V. Ivady, H. Abe, T. Ohshima, A. Gali D. D.
Awschalom, ”Electrically driven optical interferometry with
spins in silicon carbide”, Sci. Adv. 5, eaay0527-1-7 (2019). E
5) M. Widmann, M. Niethammer, D. Y. Fedyanin, I. A. Khramtsov,
T. Rendler, 1. D. Booker, J. U Hassan, N. Morioka, Y.-C. Chen, 1.
G. Ivanov, N. T. Son, T. Ohshima, M. Bockstedte, A. Gali, C.
Bonato, S.-Y. Lee, J. Wrachtrup, “Electrical charge state
manipulation of single silicon vacancies in a silicon carbide
quantum optoelectronic device”, Nano Lett. 19, 7173-7180
(2019). E
6) C. P. Anderson, A. Bourassa, K. C. Miao, G. Wolfowicz, P. J.
Mintun, A. L. Crook, H. Abe, J. U. Hassan, N. T. Son, T. Ohshima,
D. D. Awschalom, “Electrical and optical control of single spins
integrated in scalable semiconductor devices”, Science 366,
1225-1230 (2019). E
7) A. Takeyama, T. Makino, S. Okubo, Y. Tanaka, T. Yoshie, Y.
Hijikata and T. Ohshima, “Radiation response of negative gate
biased SiC MOSFETs”, Materials, 12, 2741-1-10 (2019). G
8) M. Pfender, P. Wang, H. Sumiya, S. Onoda, W. Yang, D. B. R.
Dasari, P. Neumann, X-Y. Pan, J. Isoya, R-B. Liu and J.
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via sequential weak measurements”, Nat. Commun. 10, 594-1~8
(2019). E

9) N. O, T. Kudo, M. Inaba, S. Okubo, S. Onoda, A. Hiraiwa and H.
Kawarada, “Normally-OFF two-dimensional hole gas diamond
MOSFETs through nitrogen-ion implantation”, IEEE Ele. Dev.
Lett. 40, 933-936 (2019). I

10) D. Terada, T. F. Segawa, A. I. Shames, S. Onoda, T. Ohshima, E.
Osawa, R. Igarashi and M. Shirakawa, “Monodisperse five-
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Fukuda, T. Tanii, J. Isoya, T. Ohshima and O. Hanaizumi, “Triple
nitrogen-vacancy centre fabrication by CsN4Hx ion implantation”,
Nat. Commun. 10, 2664-1-9 (2019). T

12) J. Michl, J. Steiner, A. Denisnko, A. Bulau, A. Zimmermann, K.
Nakamura, H. Sumiya, S. Onoda, P. Neumann, J. Isoya and J.
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state spin ensembles”, Nano Lett. 19, 4904-4910 (2019). E

13) T. Fujisaku, R. Tanabe, S. Onoda, R. Kubota, T. F. Segawa, F. T.-
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13, 11726-11732 (2019). E

14) M. Niethammer, M. Widmann, T. Rendler, N. Morioka, Y-C.
Chen, R. Stohr, J. U. Hassan, S. Onoda, T. Ohshima, S-Y. Lee., A.
Mukherjee, J. Isoya, N. T. Son and J. Wrachtrup, “Coherent
electrical readout of defect spins in silicon carbide by photo-
ionization at ambient conditions”, Nat. Commun. 10, 5569-1-8
(2019). E

15) S. Castelletto, A. S. A. Atem, F. A. Inam, H. J. von Bardeleben, S.
Hameau, A. F. Almutairi, G. Guillot, S.-I. Sato, A. Boretti and J.
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J. Nanotechnol. 10, 2383-2395 (2019). N

16) S.-I. Sato, T. Narahara, Y. Abe, Y. Hijikata, T. Umeda and T.
Ohshima, “Formation of nitrogen-vacancy centers in 4H-SiC and
their near infrared photoluminescence properties”, J. Appl. Phys.
126, 083105-1-10 (2019). T, 1

17) Y. Chiba, Y. Yamazaki, T. Makino, S.-I. Sato, N. Yamada, T. Satoh,
K. Kojima, S.-Y. Lee, Y. Hijikata and T. Ohshima, “Creation of
color centers in SiC PN diodes using proton beam writing”’, Mater.
Sci. Forum 963, 709-713 (2019). S, 1

18) T. Ishii, S.-I. Kuroki, H. Sezaki, S. Ishikawa, T. Maeda, T. Makino,
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short-channel effects in 4H-SiC trench MOSFETs”, Mater. Sci.
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Forum 963, 613-616 (2019). N
19) A. Csore, B. Magnusson, N. T. Son, A. Gallstrom, T. Ohshima, 1.

G. Ivanov and A. @Galil, “First-principles study on
photoluminescence quenching of divacancy in 4H SiC”, Mater.
Sci. Forum 963, 714-717 (2019). E

20) F. Hasebe, T. Meguro, T. Makino, T. Ohshima, Y. Tanaka and S.-
I. Kuroki, “Direct Bonding of 4H-SiC and SOI Wafers for
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21) J. Inoue, S.-I. Kuroki, S. Ishikawa, T. Maeda, H. Sezaki, T.
Makino, T. Ohshima, M. Ostling and C.-M. Zetterling, “4H-SiC
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Mater. Sci. Forum 963, 837-840 (2019). G

22) L. Capan, Y. Yamazaki, Y. Oki, T. Brodar, T. Makino and T.
Ohshima, “Minority carrier trap in n-type 4H-SiC schottky
barrier diodes”, Crystals 9, 328 (2019). N

23) S.-1. Sato, M. Deki, T. Nakamura, T. Nishimura, D. Stavrevski, A.
D. Greentree, B. C. Gibson and T. Ohshima, ‘Photoluminescence
properties of praseodymium ions implanted into submicron
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(2019). I

24) K. Muraoka, H. Sezaki, S. Ishikawa, T. Maeda, T. Makino, A.
Takeyama, T. Ohshima and S.-I. Kuroki,
irradiation-induced  mobility  enhancement

“Gamma-ray
of 4H-SiC

NMOSFETs with a Ba-silicate interface layer”, Jpn. J. Appl. Phys.

58, 081007-1-7 (2019). G
25) H. Zheng, J. Xu, G. Z. Iwata, T. Lenz, J. Michl, B. Yavkin, K.
Nakamura, H. Sumiya, T. Ohshima, J. Isoya, J. Wrachtrup, A.
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26) M. U. Khan, D. Chen, S. Jafari, T. Ohshima, H. Abe, Z. Hameiri,
C. M. Chong and M. Abbott, “Degradation and regeneration of
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interactions”, Solar Energy Materials and Solar Cells 200,
109990-1-8 (2019). E
27) N.T. Son, P. Stenberg, V. Jokubavicius, H. Abe, T. Ohshima, J. U.
Hassan and 1. G. Ivanov, “Energy levels and charge state control
of the carbon antisite-vacancy defect in 4H-SiC”, Appl. Phys. Lett.
114,212105-1-5 (2019). E
28) F. Dong, S. J. Meschter, S. Nozaki, T. Ohshima, T. Makino and J.
Cho, “Effect of coating adhesion and degradation on tin whisker
mitigation of polyurethane-based conformal coatings”, Polymer
Degradation and Stability 166, 219-229 (2019). E

29) T. Makino and T. Ohshima, “Radiation hardness testing for
electronics against high energy ions”, Radioisotopes 68, 423-431
(2019). C

30) R. Nagy, M. Niethammer, M. Widmann, Y. -C. Chen, P.
Udvarhelyi, C. Bonato, J. U. Hassan, R. Karhu, I. G. Ivanov, N.
T. Son, J. R. Maze, T. Ohshima, O. O. Soykal, A. Gali, S.-Y. Lee,
F. Kaiser and J. Wrachtrup, “High-fidelity spin and optical control
of single silicon-vacancy centres in silicon carbide”, Nature
Communications 10, 1954-1-8 (2019). E
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Kuboyama and H. Shindo, “Single-Event Effects Induced on
Atom Switch-based Field-Programmable Gate Array”, IEEE
Trans. Nucl. Sci. 66, 1355-1360 (2019). C,1-20
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1) S.Abo, K. Tani, F. Wakaya, S. Onoda, Y. Miyato, H. Yamashita,
and M. Abe, “Measurement of the Lateral Charge Distribution in
Silicon Generated by High-Energy Ion Incidence”, Proc. 22"
International Conference on Ion Implantation Technology (IIT),
[Wurzburg, Germany] (2019/09). IEEE. T

2) Y. Nakada, S. Kuboyama, E. Mizuta, A. Takeyama, T.
Ohshima and H. Shindou, “Behavior of Damaged Sites
Introduced by SEGR in Silicon Carbide Power MOSFETs”,
Proc. 2019 20th European Conference on Radiation and Its
Effects on Components and Systems (RADECS),
[Montpellier, France] (2019/09). C,1-20

3) K. Takeuchi, T. Kato, K. Sakamoto, K. Yukumatsu, K. Watanabe,
Y. Tsuchiya, H. Matsuyama, A. Takeyama, T. Ohshima, S.
Kuboyama and H. Shindo, “Characteristic Charge Collection
Mechanism Observed in FInFET SRAM cells,” Proc. 2020 21th
European Conference on Radiation and Its Effects on
Components and Systems (RADECS), [Vannes, France] (2020).

C,1-20

4) M. Imaizumi, T. Takamoto, H. Sugimoto, T. Ohshima and S.
Kawakita, “Preliminary Study on Super Radiation-Resistant
Mechanical-Stack Triple-Junction Space Solar Cell: PHOENIX”,
Proc. of 46th IEEE Photovoltaic Specialists Conference, 1495

(2019). C,T,1,1-21
5) mil PEGE, BB sk, e RE—, KE R, K &S,

M RE, EEN BOK, BAE B, BE 2, BR
fli—BB, “BRACS A TG T A A—
VY OB, BRFE BAT ARG, A, B
A1 (2020/03). G

P1-5 Project “Environmental Polymer”

Papers

1) Y. Ueki and N. Seko, “Synthesis of Fibrous Metal Adsorbent
with a Piperazinyl-Dithiocarbamate Group by Radiation-
Induced Grafting and Its Performance”, ACS Omega 5, 2947—
2956 (2020). E, 1-24,1-27

2) N. A. F. Othman, S. Selambakkannu, T. T. Ming, N. H.
Mohamed, T. Yamanobe and N Seko, “Application of
Response Surface Modelling to Economically Maximize
Thorium (IV) Adsorption”, Desalin. Water Treat. 179, 172—
182 (2020). E, 1-24,1-27

3) N. A. F. Othman, S. Selambakkannu, T. Yamanobe, H.

Hoshina, N. Seko and T. A. T. Abdullah, “Radiation grafting

of DMAEMA and DEAEMA-based adsorbents for thorium

adsorption”, J. Radioanal. Nucl. Chem. 324, 429—440 (2020).

E, 1-24,1-27

4) N.A.F. Othman, S. Selambakkannu, H. Azian, C. T. Ratnam,

T. Yamanobe, H. Hoshina and N. Seko, “Synthesis of surface

ion-imprinted polymer for specific detection of thorium under
acidic conditions”,Polym. Bull., Open Access (2020).

E, 1-24, 1-26, 1-27

5) N. H. Zabaruddin, N. H. Mohamed, L. C. Abdullah, M.
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based biodiesel synthesis by radiation-induced kenaf catalyst

packed in a continuous flow system”, Ind. Crops and Prod. 36,
102-109 (2019). E, 1-24, 1-26, 1-27

6) M. Omichi, Y. Ueki, N. Seko and Y. Mackawa, “Development

Graft

Polymerization Method and Its Application to the Fabrication

of'a Heavy Metal Adsorbent”, Polymers 11, 1373:1-11 (2019).

E, G,1-24,1-27

7) M. Omichi, S. Yamashita, Y. Okura, R. Ikutomo, Y. Ueki, N.

Seko and R. Kakuchi, “Surface Engineering of Fluoropolymer

of a Simplified Radiation-Induced Emulsion

Films via the Attachment of Crown Ether Derivatives Based
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Polymerization and the Kabachnik-Fields Reaction”,
Polymers 11, 1337:1-11 (2019). E, G, 1-25
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Shibata, K. Nomura, Y. Kamiya, N. Asanuma, H. Matsuura, T.
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9) J. Chen and N. Seko, “Cleavage of the Graft Bonds in PVDF-
g-St Films by Boiling Xylene Extraction and the
Determination of the Molecular Weight of the Graft Chains”,
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8) N. Seko, “Current Status of Quantum Beams Applications for
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Science and Technology (IPST) 2019, Indonesian Institute of
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9) H. Hoshina and N. Seko, “Performance of Metal Adsorbent

Synthesized by Radiation Graft Polymerization”, OKINAWA

COLLOIDS 2019, The Chemical Society of Japan, [Bankoku
Shinryokan, Okinawa] (2019/11/06). E, 1-24,1-26, 1-27
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J. Chen and M. Nakano, “Adsorption Performance of Fibrous
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Adsorbents by Radiation Emulsion Graft Polymerization”,
The 10th International Membrane Science and Technology
Conference (IMSTEC2020), Membrane Society Australasia,
[University of Technology Sydney Aerial Convention Centre,
Australia] (2020/02/03). E, 1-24, 1-26, 1-27
12) H. Hoshina, N. Seko and H. Amada, “Development of
Adsorbent for Rare Earth Recovery Synthesized by Radiation
The 10th International Membrane
and Technology Conference (IMSTEC2020),
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P1-6 Project “Biocompatible Materials”
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M. Koshimizu, S. Kurashima, A. Kimura, M. Taguchi, T. Yanagida,
H. Yagi, T. Yanagitani, Y. Fujimoto and K. Asai, “Effect of linear

energy transfer on the scintillation Properties of
Ce:GdsA,Ga3O12”, Nucl. Intr. Meth. B, 460, 74-79 (2019).
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S. Ishii, K. Oyama, T. Arai, H. Itoh, S. A. Shintani, M. Suzuki, F.
Kobirumaki-Shimozawa, T. Terui, N. Fukuda and S. Ishiwata,
“Microscopic heat pulses activate cardiac thin filaments”, Journal
of General Physiology, 151(6) 860-869 (2019). N
Y.-G. Yin, S. Ishii, N. Suzui, M. Igura, K. Kurita, Y. Miyoshi, N.
Nagasawa, M. Taguchi and N. Kawachi, “On-line rapid purification
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translocation in nodulated soybean”, Applied Radiation and
Isotopes 151, 7-12 (2019). C
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polysaccharide hybrid gel in ionic liquids via radiation-
induced crosslinking”, Polymer Degradation and Stability 159,
133-138 (2019). G
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Nishikino and Y. Maekawa, “Sensitivity enhancement of
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pulsed extreme ultraviolet”, Applied Physics Letters 115(7),
073109 (2019). N
J. McGrady, S. Yamashita, A. Kimura, S. Kano, H. Yang, Z.
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super water absorbents and their biodegradabilities”,
Radiation Physics and Chemistry, 170, 108618 (2020). G
T.G. Oyama, A. Kimura, N. Nagasawa, K. Oyama and M.
Taguchi, “Development of advanced biodevices using
quantum beam microfabrication technology”, Quantum Beam
Sci. 4(1), 14 (2020).

F. Kobirumaki-Shimozawa, T. Nakanishi, T. Shimozawa, T.
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Nanomaterials 10, 532 (2020). N
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P1-7 Project “Spintronics in Two-dimensional Materials”
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S. Entani, P. V. Avramov, Y. Sakuraba, H. Naramoto, P. B.

Sorokin and S. Sakai, “Graphene/half-metallic Heusler alloy:  3)

a novel heterostructure toward high-performance graphene

spintronic devices”, Adv. Mater. 32, 1905734 (2020). N

S. Entani, K. V. Larionov, Z. I. Popov, M. Takizawa, M.
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S. Sakai, ”Non-chemical fluorination of hexagonal boron
nitride by high-energy ion irradiation” Nanotechnology 31,
125705 (2020). N
D. G. Kvashnin, A. G. Kvashnin, E. Kano, A. Hashimoto, M.
Takeguchi, H. Naramoto, S. Sakai and P. B. Sorokin, “Two-
Dimensional CuO Inside the Supportive Bilayer Graphene
Matrix”, J. Phys. Chem. C 123, 17459-17465 (2019). N
S. Entani, M. Takizawa, S. Li, H. Naramoto, S. Sakai,



“Growth of graphene on SiO2 with hexagonal boron nitride

A. Kawasuso, A. Yabuuchi and S. Hasegawa, “Magnetic
Doppler broadening measurement on Gadolinium-doped
GaN”, AIP Conf. Proc. 2182, 050007 (2019). I,O,1-17

P1-8 Project “EUV Ultra-fine Fabrication”

buffer layer”, Appl. Surf. Sci. 475, 6-11 (2019). N
Proceedings
1) M. Maekawa, S. Sakai, S. Hagiwara, A. Miyashita, K. Wada,
Papers

1) Y. Hosaka, T. G. Oyama, H. Yamamoto, M. Ishino, T.-H. Dinh,

2)

3)

4

5)

6)

M. Nishikino and Y. Maekawa “Sensitivity enhancement of
poly(methyl methacrylate) upon exposure to picosecond-
pulsed extreme ultraviolet”, Appl. Phys. Lett. 115, 073109-1-
5(2019). N
A. Sasaki, M. Ishino and M. Nishikino, “An estimation of line
width roughness of photoresists due to photon shot noise for
extreme ultraviolet lithography using the percolation model”,
Jpn. J. Appl. Phys. 58, 055002 (2019). N
N. Nishimori, R. Nagai, R. Hajima, M. Yamamoto, Y. Honda,
T. Miyajima and T. Uchiyama, “Operational experience of a
500 kV photoemission gun”, Phys. Rev. Accel. Beams 22,
053402 (2019). N
H. Kudo, M. Fukunaga, T. Yamada, T. Watanabe, H.
Yamamoto, K. Okamoto and Takahiro Kozawa, “Synthesis
and Property of Tellurium-Containing Molecular Resist
Materials for Extreme Ultraviolet Lithography System”, J.
Photopolym. Sci. Technol., 6, 805-810 (2019). N
H. Yamamoto, G. Dawson, T. Kozawa, and A. P.G. Robinson,
“Lamellar orientation of a block copolymer via an electron-
beam induced polarity switch in a nitrophenyl self-assembled
monolayer”, Quantum. Beam Sci. 4, 12-1-10 (2020). N
M. Ishino, T. Dinh, Y. Hosaka , N. Hasegawa , K. Yoshimura ,
H. Yamamoto , T. Hatano , T. Higashiguchi , K. Sakaue , S.

Ichimaru , M. Hatayama , A. Sasaki , M. Washio , M.
Nishikino and Y. Maekawa, “Soft x-ray laser beamline for
surface processing and damage studies”, Applied Optics 59,
3692-3698 (2020). N

Proceedings

1)

2)

A. Sasaki. “Simulation of statistical effects in exposure and
development of EUV photoresists using the percolation and
diffusion limited aggregation mode”, Proc. SPIE 10957,
Advances in Patterning and Processes XXXV, 109571Q
(2019). N
T. Obina, D.A. Arakawa, M. Egi, T. Furuya, K. Haga, K.
Harada, T. Honda, Y. Honda, T. Honma, E. Kako, R. Kato, H.
Kawata, Y. Kobayashi, Y. Kojima, T. Konomi, H. Matsumura,
T. Miura, T. Miyajima, S. Nagahashi, H. Nakai, N. Nakamura,
K. Nakanishi, K.N. Nigorikawa, T. Nogami, F. Qiu, H.
Sagehashi, H. Sakai, S. Sakanaka, M. Shimada, M. Tadano, T.
Takahashi, R. Takai, O.A. Tanaka, Y. Tanimoto, T. Uchiyama,
K. Umemori, M. Yamamoto, R. Hajima, R. Nagai, M.
Sawamura and N. Nishimori, “1 mA Stable Energy Recovery
Beam Operation with Small Beam Emittance”, Proceedings
of the 10th International Particle Accelerator Conference
(IPAC-2019), pp.1482-1485, 19-24 May, 2019, Melbourne,
Australia.

P19 Project "Element Separation and Analysis"

Papers

D)

2)

3)

4

3)

6)

Y. Kurosaki, R. Nakanishi, M. Saeki and H. Ohba, “Ab initio
MRCI study on potential energy curves for a single Cl loss
from the palladium tetrachloride anion PdCls>”, Chemical
Physics Letters, 746, 137288 (2020). N
K LRI, Fefl RRG, HvE BERE, “BEIRICL—F—%
MR L THD S REEINT D, 7IN Ty =F I,

65(6), 347-352 (2020). N
FAS P5E], &L R —, LB R D - A S AR
MO OBSE”, BAR S JF 258, 62(5), 268-271
(2020). N
R LA, FHE HR, FE A, BERE T To
WRRL — W — o HIR”, B AR5, 62(5), 263-
267 (2020). G
R. Nakanishi, M. Saeki, T. Taguchi and H. Ohba,
“Photoinduced gold recovery mediated by isopolymolybdate
in strongly acidic HCI/NaCl solutions”, Journal of
Photochemistry and Photobiology A: Chemistry, 383, 111994
(2019). N
Y. Kurosaki and K. Yokoyama, “Quantum optimal control of
rovibrational excitations of a diatomic alkali halide: one-
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7)

8)

9)

photon vs. two-photon processes”, Universe 5, 109-1 - 109-
15 (2019). N
T. Taguchi, S. Yamamoto and H. Ohba, “Synthesis of novel
hybrid carbon nanomaterials inside silicon carbide nanotubes
by ion irradiation”, Acta materialia, 173, 153 — 162(2019).

N
A. Matsumoto, H. Ohba, M. Toshimitsu, K. Akaoka, A. Ruas,
Ikuo Wakaida, T. Sakka and S. Yae, “Enhancement of
molecular formation in fiber-optic laser ablation with a long
nanosecond pulsed laser”, Spectrochimica Acta Part B, 155,
56-60(2019). G
N. Okubo, Y. Okuno, A. Kitamura and T. Taguchi, “Influence
of gamma-ray irradiation on mechanical property of YSZ for
oxygen sensors in ADS”, Nucl.Instrum. Meth. Phys. Res. B
435, 198-202(2018). N

10) C. Shibazaki, S. Arai, R. Shimizu, M. Saeki, Y. Kinoshita,

Andreas Ostermann, Tobias E. Schrader, Y. Kurosaki, T.
Sunami, R. Kuroki and M. Adachi, “Hydration structures of
the human protein kinase CK2a clarified by joint neutron and
X-ray crystallography”, Journal of Molecular Biology
430(24), 5094-5104(2018). N

QST Takasaki Annual Report 2019



11) N. Igawa, K. Kodama, T. Taguchi, Y. Yoshida, T. Matsukawa,
A. Hoshikawa and T. Ishigaki, “Local Disorder in Proton
Conductor BaSn0.5In0.502.75 Analyzed by Neutron
Diffraction/ Atomic Pair Distribution Function”, Transactions
of the Materials Research Society of Japan 43(6), 329-
332(2018). N

12) M. Saeki, D. Matsumura, T. Yomogida, T. Taguchi, T. Tsuji,
H. Saito and H. Ohba, “In Situ Time-Resolved XAFS Studies
on Laser-Induced Particle Formation of Palladium Metal in an
Aqueous / EtOH Solution”, Journal of Physical Chemistry C,
123(1), 817-824(2019). N

13) Y. Sasaki, M. Saeki and K. Yoshizuka, “Extractions and
spectroscopic studies of various metals with Diglycolamide-
Type Tridentate Ligands”, Solvent Extraction Research and
Development, Japan, 26(1), 21-34(2019). N

14) T. Nozawa, K. Ozawa, C. Park, J. Park, A. Kohyama, A.
Hasegawa, S. Nogami, T. Hinoki, S. Kondo, T. Yano, T.
Shibayama, B. Tsuchiya, T. Shikama, S. Nagata, T. Tanaa, H.
Iwakiri, Y. Yamamoto, S. Konishi, R. Kasada, M. Kondo, T.
Kunugi, T. Yokomine, Y. Ueki, N. Okubo, T. Taguchi and H.
Tanigawa, “Japanese activities of the R&D on silicon carbide
composites in the broader approach period and beyond”,
Journal of Nuclear Materials 511, 582 -590(2018). N

15) K. Kakitani, T. Kimata, T. Yamaki, S. Yamamoto, D.
Matsumura, T. Taguchi, T. Terai, “X-ray Absorption Study of
Platinum Nanoparticles on an lon-Irradiated Carbon Support”,
Radiation Physics and Chemistry 153, 152-155(2018).

I

16) K. Kakitani, T. Kimata, T. Yamaki, S. Yamamoto, T. Taguchi,
T. Kobayashi, W. Mao, T. Terai, “The interface between
platinum nanoparticle catalysts and an Ar+-irradiated carbon
support”, Surface and Coating Technology, 355(2018). I

17) S. Asai, M. Ohata, T. Yomogida, M. Saeki, H. Ohba, Y.
Hanzawa, T. Horita and Y. Kitatsuji, “Determination of

107Pd in Pd purified by selective precipitation from spent
nuclear fuel by laser ablation ICP-MS”, Analytical and
Bioanalytical Chemistry, 411(5), 973-983(2018). N
18) HAT 7], =L h—, “EBHE oL —F — DI Eif-
BEWF DR D S b BB % — 7, BB 1258,
61(5), 413 —415(2019). N
19) FHHE R, K% 00, =& B3, K TE,
K¥z IEF, WA #EF, i BA, “EREY 7L
FBROME 5 — i1 ) R EFTRE I ~DiE & e Lz
L= T L — X e BE S AT,
(AR ERERAEE) |, 48(1), 13 —20(2019). N
20) T. Taguchi, S. Yamamoto and H. Ohba, “lon irradiation-
induced novel microstructural change in silicon carbide
nanotubes”, Acta Materialia, 154, 90-9 (2018). I
21) A. Matsumoto, H. Ohba, M. Toshimitsu, K. Akaoka, A. Ruas
and T. Sakka,
spectroscopy of zirconium metal in the air: The special feature

“Fiber-optic laser-induced breakdown

of the plasma produced by the long-pulse laser”,
Spectrochimica Acta Part B: Atomic Spectroscopy, 142, 37-
49 (2018). N

22) Al BEA, HEIE AR, K35 AL “L—Y ki Tk
B2 U7 B PR BE DD D A 4 iR ot 56 4y Bl o 3R
R, BAE, (4), 138-43 (2018). N

Patent

1) K% sLAl, #efa BEA, BHO Ed, v ik, ‘B
B, B AT A KOENL T E”, FFE 2019-097119.

N

Press- TV

1) “BERNONTUT LR, R, TV ARE . AR A=
22020 452 A =) icHg#. N
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P1-10 Advanced Functional Polymer Materials Research Group

Papers
1) M. Omichi, Y. Ueki, N. Seko and Y. Maekawa, “Development
of a Simplified Radiation-Induced Emulsion Graft

Polymerization Method and Its Application to the Fabrication

of a Heavy Metal Adsorbent”, Polymers, 11, 1373:1-11
(2019). E,G

2) Y. Zhao, K. Yoshimura, H. Takamatsu, A. Hiroki, Y.
Kishiyama, H. Shishitani, S. Yamaguchi, H. Tanaka, S.
Koizumi, A. Radulescu, M. Appavou and Y. Mackawa,
“Imidazolium-based anion exchange membranes for alkaline
anion fuel cells: Interplay between morphology and anion
transport behavior”, Journal of The Electrochemical Society,
166, F472-F478 (2019). G

3) L.Bai, Y. He, J. Zhou, Y. Lim, V-C. Mai, Y. Chen, S. Hou, Y.

Zhao, J. Zhang, H. Duan, “Responsive amorphous photonic
structures of spherical/polyhedral colloidal metal-organic

frameworks”, Advanced Optical Materials, 7, 1900522 (2019).

N

4) S. Koizumi, Y. Zhao and A. Patra, “Hierarchical structure of

microbial cellulose and marvelous water uptake, investigated

by combining neutron scattering instruments at research

reactor JRR-3, Tokai”, Polymer, 176, 244-255 (2019). N
5) T.D. Tap, L.L. Nguyen, Y. Zhao, S. Hasegawa, S. Sawada,
N.Q. Hung, L.A. Tuyen and Y. Mackawa, “SAXS
investigation on morphological change in lamellar structures
during propagation steps of graft-type polymer electrolyte
membranes for fuel cell applications”, Macromolecular
Chemistry and Physics, 221, 1900325 (2020). G
6) S. Hasegawa, A. Hiroki, Y. Ohta, N. limura, A. Fukaya and Y.
Mackawa, “Thermally stable graft-type polymer electrolyte
membranes consisting based on poly (ether ether ketone) and
crosslinked graft-polymers for fuel cell applications”, Radiat.
Phys. Chem., 171, 108647 (2020). G
7y EAREM, HOGIE, R RAERE S VR R ET DR
~—7 VD LET 20537, RADIOISOTOPES, 68, 277-
283 (2019). E,G
8) A.Kitamura, T. Yamaki, Y. Yuri, H. Koshikawa, S. Sawada, T.
Yuyama, A. Usui and A. Chiba, “Control of the size of
etchable ion tracks in PVDF - Irradiation in an oxygen
atmosphere and with fullerene C60”, Nucl. Instrum. Meth.
Phys. Res. B, 460, 254-258 (2019). C
9) Y. Inagaki, N. Sakaba, N. Tanaka, M. Nomura, S. Sawada and
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T. Yamaki, “BEfffrekFEtha — R BER IS 7' mt 2
T DBHFE —7, B AWK FE, 73, 194202 (2019). G
10) S. Sawada, M. Yasukawa, H. Koshikawa, A. Kitamura, M.
Higaand T. Yamaki, “/&=FR/F —HAA B —AIL5ME
KW F A 7 =AM DB, B AR
23K, 73, 208-216 (2019). G

11) S. Sawada, H. Koshikawa, A. Kitamura, M. Higa and T.
Yamaki, “lon and water transport properties of cation
exchange membranes prepared by heavy-ion-track grafting
technique”, Separation Science and Technology, 55, 2211-
2216 (2020). G
12) O. Myagmarjav, N. Tanaka, S. Kubo, M. Nomura, T. Yamaki,
S. Sawada, J. Iwatsuki, H. Noguchi, Y. Kamiji, I. Ioka, T.
Tsuru, M. Kanezashi, X. Yu, M. Machida, T. Ishihara, H.
Abekawa, M. Mizuno, T. Taguchi, Y. Hosono, Y. Kuriki, M.
Inomata, K. Miyajima, Y. Inagaki and N Sakaba, “Research
and development on membrane IS process for hydrogen
production using solar heat”, International Journal of
Hydrogen Energy, 44, 19141-19152 (2019). G
13) Y. Ueki and N. Seko, “Synthesis of Fibrous Metal Adsorbent
with a Piperazinyl-Dithiocarbamate Group by Radiation-
Induced Grafting and Its Performance”, ACS Omega, 5,
2947-2956 (2020). E
14)N. A. F. Othman, S. Selambakkannu, T. T. Ming, N. H.
Mohamed, T. Yamanobe and N. Seko, “Application of
Response Surface Modelling to Economically Maximize
Thorium (IV) Adsorption”, Desalin. water Treat., 179, 172—
182 (2020). E
15) N. A. F. Othman, S. Selambakkannu, T. Yamanobe, H.
Hoshina, N. Seko and T. A. T. Abdullah, “Radiation grafting

of DMAEMA and DEAEMA-based adsorbents for thorium
adsorption”, J. Radioanal. Nucl. Chem., 324, 429-440 (2020).

E

16) N. A. F. Othman, S. Selambakkannu, H. Azian, C. T. Ratnam,
T. Yamanobe, H. Hoshina and N. Seko, “Synthesis of surface
ion-imprinted polymer for specific detection of thorium under
acidic conditions”, Polym. Bull., Open Access (2020). E
17) N. H. Zabaruddin, N. H. Mohamed, L. C. Abdullah, M.
Tamada, Y. Ueki, N. Seko, T. Shean and Y. Choong, “Palm oil-
based biodiesel synthesis by radiation-induced kenaf catalyst
packed in a continuous flow system”, Ind. Crops and Prod.,
36, 102-109 (2019). E
18) M. Omichi, S. Yamashita, Y. Okura, R. Ikutomo, Y. Ueki, N.
Seko and R. Kakuchi, “Surface Engineering of Fluoropolymer
Films via the Attachment of Crown Ether Derivatives Based

on the Combination of Radiation-Induced Graft
Polymerization and the Kabachnik-Fields Reaction”,
Polymers, 11, 1337:1-11 (2019). E, G

19) S. Watanabe, H. Ogi, Y. Arai, H. Aihara, Y. Takahatake, A.
Shibata, K. Nomura, Y. Kamiya, N. Asanuma, H. Matsuura, T.
Kubota, N. Seko, T. Arai and T. Moriguchi, “STRAD project
for systematic treatments of radioactive liquid wastes
generated in nuclear facilities”, Prog. Nucl. Energy, 117,
103090:1-8 (2019). E

20) J. Chen and N. Seko, “Cleavage of the Graft Bonds in PVDEF-
g-St Films by Boiling Xylene Extraction and the
Determination of the Molecular Weight of the Graft Chains”,
Polymers, 11, 1098:1-17 (2019). G

21) N. A. F. Othman, S. Selambakkannu, T. A. T. Abdullah, H.

Hoshina, S. Sattayaporn and N. Seko, “Selectivity of Copper
by Amine-Based Ion Recognition Polymer Adsorbent with
Different Aliphatic Amines”, Polymers, 11, 1994:1-21 (2019).

E
22) A BT, “HE RN LA LD o T A A O B3
LI 7, Rad Tech News Letter 114, 2-5 (2019). E

23) Wi B, “ErFREEEICR T ORI o7 E
B, iREpE3, 147, 17-20 (2019). E, G
24) TR &, BT 7 b ES NI 7 I AF
VI ~ORERERT 5.7, 7T AF w7 A 70(11), 54-58 (2019).
E
Proceedings
1) A.M.A. Mahmoud, K. Yoshimura, A. Hiroki and Y. Mackawa,
“The First Durable Imidazolium-based Radiation Grafted
Anion Exchange Membranes for Alkaline Fuel cells: The
Impact of Water Management”, 236th ESC meeting, [Atlanta,
USA] Abstracts, [01B-1487 (2019/10 H). G
2) Y. Zhao, “Small-angle Scattering Study for Developing
Alkaline Durable Imidazolium-Based Grafted Anion
Exchange Membranes for Pt-Free Fuel Cells”, 32nd European
Crystallographic Meeting, [Atlanta, USA], Abstracts, MS20-
05 (2019/10). G
3) K. Yoshimura, Y. Zhao, A. Mahmoud, A. Hiroki, H. Shishitani,
S. Yamaguchi, H. Tanaka and Y. Maekawa, “Structural
Designs of Alkaline Durable Imidazolium-Containing Anion
Conducting Membranes Prepared by Radiation-Induced
Grafting for Pt-Free Fuel Cells”, 2019 MRS Fall Meeting,
[Boston, USA] Abstracts, EN04.01.05 (2019/10). G
4) A. Hiroki, S. Okushima, K. Yoshimura, Y. Zhao, H. Shishitani,
S. Yamaguchi and Y. Maekawa, “Crosslinking Effects of
Anion-conducting Polymer Electrolyte Membranes on their

Properties”, 10th International Membrane Science &
Technology Conference, [Sydney, Australia] Abstracts, 115
(2020/2). G

5) HA A5, H. YU, P o) A ERL ER B, F
W FE, o, R A, B RERR, “AF VT
DIEEA T DR T 7 NI T = AR B 0 FE i R
BPECPEERSEOBIR”, &5 62 M LR, (&
K=, B0 H#E4E, 1-0 07 (2019/9) . G

6) LEH FEEE, BRIl M, BER B ORT AL, Al HEAK,
“HESIRR T T NEA LD RO AR ~ S
EOFE TN T A —EBEAVE - BEREEEOBIR~7, A
A2 B SRS MU XA JE AR R R 2, [HERS K,
FilZE] BEE4E, P-36 (2019/12). G

7) SRH FEEE, BN M, BRI, ARG, B
TS INESBICEAR) T 2= AV T R EHME LT
By T BB A", #9ll CSI L7 =A% 2019,
[# U —AR— Vi, L] 254, P5-091 (2019/10).

G

8) VHM E—, M fE—, MEE AN, B R, @ T
MR ENE D A ASE A T T 57, FomE
CSIL7 =A% 2019, [#U—A—/Uiliil, H] EEE,
12-03 (2019/10). G

9) M H— “WFEEICESS T MVEME IEOES
{LFREPERTAN, 25 68 El&E /T alimss, (M ART, mit
BE4E, 2G16 (2019/9). G

10) B8 B, i)l BERR, JIE A0E, “HSboF B )51k
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FE4E, 1G12 (2019/9). G
11) E#H HE—, B f—, M oA, Bl ek, iR
BRI T 7 NEIFE R D 7 v HE R T,
5556 17 A h—"" AR FE R R 2, [RORRF, B
FELE, 1p-II1-0 (2019/7). G
12) S. Sawada, T. Kimura, H. Nishijima. N. Tanaka, S. Kubo. S.
Imabayashi. M. Nomura and T. Yamaki, “Development of
low-overvoltage membrane Bunsen reaction technology for
thermochemical IS process”, World Hydrogen Technologies
Convention 2019, [HR[EEE 7 +—7 4, HR] EELHE, 02-

1 (2019/6). G
13) BLJS B, MLy 780 ) ika F o oy - B R
0)4%/7’%/7\»%1_@%&%&”, 5 68 [l oy AR IR
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14) KRB BOF, St By—, IEED AL il BB, SE0E S
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SR A1y, R PERE IR 779 - K] (2019/04/19).

E

15) R. Kakuchi, S. Yamashita, Y. Okura, T. Hamada, M. Omichi,
Y. Ueki and N. Seko, “Multicomponent post-polymerization
modification reactions on biomass-sourced organic hybrids”,

% 68 HmayFFRERRE, M T¥s, [RBULE

< KBK] (2019/05/29). E,G
16) it F—, MR Al KREr BSF, PR Fnfll, Bl o,
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P AARFATIFE 2019 FERRO KRS, AARFF S,
(& ok - & 1] (2019/09/11). E
17) (R B, KB BB, KE K, AEK X, A 1K
L MR A, WG BB, SEAnse, “ETFE BRI~
DYTY =T VDB AL ERRAAREDOAM”, 559 117
yFRIEFEFOR, ARTyRLFER, [HDOOILR THR

fE 8] (2019/09/12). E,G
18) Kif (W, il i, /i)l BERR, “7L=— ViR
FIEFT IR~ ar VITNEG~DRE”, 5 68
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(2019/09/25). G
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&I (2019/09/26). E,G
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L2572 2% 2019, AAR(LFER, [HV ==/ - 5]
(2019/10/16). E
21) N. Seko, “Current Status of Quantum Beams Applications for
Polymer Processing”, [Invited talk], Innovation in Polymer
Science and Technology (IPST) 2019, Indonesian Institute of
Sciences, Indonesian Polymer Association, [The Stones
Hotel-Legian Bali, Indonesia] (2019/10/17). E,G
22) H. Hoshina and N. Seko, “Performance of Metal Adsorbent
Synthesized by Radiation Graft Polymerization”, OKINAWA
COLLOIDS 2019, The Chemical Society of Japan, [Bankoku
Shinryokan, Okinawa] (2019/11/06) E
23) Ky LRI, WL BRI, Pefh BRAG, hPE PRl AR
AR, “BEK~O LIBS ATEHIZSW T, 5 6 [l 5k
SRR OIS RBICBI 2 AR A, LIBS AF%E,
[HUHSR - 5] (2019/12/14). E
24) N. Seko, H. Amada, H. Hoshina, Y. Ueki, S. Saiki, M. Omichi,
J. Chen and M. Nakano, “Adsorption Performance of Fibrous
Adsorbents by Radiation Emulsion Graft Polymerization”,
The 10th International Membrane Science and Technology
Conference (IMSTEC2020), Membrane Society Australasia,
[University of Technology Sydney Aerial Convention Centre,
Australia] (2020/02/03). E
25) H. Hoshina, N. Seko nd H. Amada,
Adsorbent for Rare Earth Recovery Synthesized by Radiation
The 10th International Membrane
(IMSTEC2020),
Membrane Society Australasia, [University of Technology
Sydney Aerial Convention Centre, Australia] (2020/02/03).
E

“Development of

Graft Polymerization”,

Science and Technology Conference

Book
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P1-11 Quantum Sensing and Information Materials Research Group

Papers

1) A. Rifai, N. Tran, P. Reineck, A. Elbourne, E. Mayes, A. Sarker,
C. Dekiwadia, E. P. Ivanova, R. J. Crawford, T. Ohshima, B. C.
Gibson, A. D. Greentree, E. Pirogova and K. Fox, “Engineering
the interface: nanodiamond coating on 3D-printed titanium
promotes mammalian cell growth and inhibits staphylococcus
aureus colonization”, ACS Appl. Mater. Interfaces 11, 24588-
24596 (2019). E

2) K. C. Miao, A. Bourassa, C. P. Anderson, S. J. Whiteley, A. L.
Crook, S. L. Bayliss, G. Wolfowicz, G. Thiering, P. Udvarhelyi,
V. Ivady, H. Abe, T. Ohshima, A. Gali and D. D.
Awschalom, “Electrically driven optical interferometry with

spins in silicon carbide”, Sci. Adv. 5, eaay0527-1-7 (2019). E
3) M. Widmann, M. Niethammer, D. Y. Fedyanin, I. A. Khramtsov,
T. Rendler, 1. D. Booker, J. U Hassan, N. Morioka, Y.-C. Chen, 1.
G. Ivanov, N. T. Son, T. Ohshima, M. Bockstedte, A. Gali, C.
Bonato, S.-Y. Lee and J. Wrachtrup, “Electrical charge state
manipulation of single silicon vacancies in a silicon carbide
quantum optoelectronic device”, Nano Lett. 19, 7173-7180
(2019). E
4) C. P. Anderson, A. Bourassa, K. C. Miao, G. Wolfowicz, P. J.
Mintun, A. L. Crook, H. Abe, J. U. Hassan, N. T. Son, T. Ohshima
and D. D. Awschalom, “Electrical and optical control of single
spins integrated in scalable semiconductor devices”, Science 366,
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1225-1230 (2019). E
5) M. Pfender, P. Wang, H. Sumiya, S. Onoda, W. Yang, D. B. R.
Dasari, P. Neumann, X-Y. Pan, J. Isoya, R-B. Liu and J.
Wrachtrup, “High-resolution spectroscopy of single nuclear spins
via sequential weak measurements”, Nat. Commun., 10, 594-1~8
(2019). E
6) D.Terada, T. F. Segawa, A. . Shames, S. Onoda, T. Ohshima, E.
Osawa, R. Igarashi and M. Shirakawa, “Monodisperse five-
nanometer-sized detonation nanodiamonds enriched in nitrogen-
vacancy centers”, ACS Nano, 13, 6461-6468 (2019). E
7) M. Haruyama, S. Onoda, T. Higuchi, W. Kada, A. Chiba, Y.
Hirano, T. Teraji, R. Igarashi, S. Kawai, H. Kawarada, Y. Ishii, R.
Fukuda, T. Tanii, J. Isoya, T. Ohshima and O. Hanaizumi, “Triple
nitrogen-vacancy centre fabrication by CsNaHx ion implantation”,
Nat. Commun., 10, 2664-1-9 (2019). T
8) J. Michl, J. Steiner, A. Denisnko, A. Bulau, A. Zimmermann, K.
Nakamura, H. Sumiya, S. Onoda, P. Neumann, J. Isoya and J.
Wrachtrup, “Robust and accurate electric field sensing with solid
state spin ensembles”, Nano Lett., 19, 4904-4910 (2019). E
9) T. Fujisaku, R. Tanabe, S. Onoda, R. Kubota, T. F. Segawa, F.
T.-K. So, T. Ohshima, I. Hamachi, M. Shirakawa and R. Igarashi,
“pH nanosensor using electronic spins in diamond”, ACS Nano,
13, 11726-11732 (2019). E
10) M. Niethammer, M. Widmann, T. Rendler, N. Morioka, Y-C.
Chen, R. Stohr, J. U. Hassan, S. Onoda, T. Ohshima, S-Y. Lee., A.
Mukherjee, J. Isoya, N. T. Son and J. Wrachtrup, “Coherent
electrical readout of defect spins in silicon carbide by photo-
ionization at ambient conditions”, Nat. Commun. 10, 5569-1-8
(2019). E
11) S. Castelletto, A. S. A. Atem, F. A. Inam, H. J. von Bardeleben,
S. Hameau, A. F. Almutairi, G. Guillot, S.-I. Sato, A. Boretti and
J. M. Bluet, “Deterministic placement of ultra-bright near-
infrared color centers in arrays of silicon carbide micropillars,”
Beilstein J. Nanotechnol. 10, 2383-2395 (2019). N

12) S.-I. Sato, T. Narahara, Y. Abe, Y. Hijikata, T. Umeda and T.
Ohshima, “Formation of nitrogen-vacancy centers in 4H-SiC and
their near infrared photoluminescence properties”, J. Appl. Phys.
126, 083105-1-10 (2019). T,I

13) Y. Chiba, Y. Yamazaki, T. Makino, S.-I. Sato, N. Yamada, T.
Satoh, K. Kojima, S.-Y. Lee, Y. Hijikata and T. Ohshima,
“Creation of color centers in SiC PN diodes using proton beam
writing”, Mater. Sci. Forum 963, 709-713 (2019). S, 1

14) A. Csore, B. Magnusson, N. T. Son, A. Gallstrom, T. Ohshima, L.
G. Ivanov and A. Galil, study on
photoluminescence quenching of divacancy in 4H SiC”, Mater.
Sci. Forum 963, 714-717 (2019). E

15) S.-I. Sato, M. Deki, T. Nakamura, T. Nishimura, D. Stavrevski,
A. D. Greentree, B. C. Gibson, and T. Ohshima,
“Photoluminescence properties of praseodymium ions implanted

“First-principles

into submicron regions in gallium nitride”, Jpn. J. Appl. Phys. 58,
051011-1-6 (2019). I
16) H. Zheng, J. Xu, G. Z. Iwata, T. Lenz, J. Michl, B. Yavkin, K.
Nakamura, H. Sumiya, T. Ohshima, J. Isoya, J. Wrachtrup, A.
Wickenbrock and D. Budker, “Zero-field magnetometry based on
nitrogen-vacancy ensembles in diamond”, Phys. Rev. Applied 11,
064068-1-7 (2019). E
17) N. T. Son, P. Stenberg, V. Jokubavicius, H. Abe, T. Ohshima, J.
U. Hassan and 1. G. Ivanov, “Energy levels and charge state
control of the carbon antisite-vacancy defect in 4H-SiC”, Appl.
Phys. Lett. 114, 212105-1-5 (2019). E
18) R. Nagy, M. Niethammer, M. Widmann, Y. -C. Chen, P.
Udvarhelyi, C. Bonato, J. U. Hassan, R. Karhu, I. G. Ivanov, N.
T. Son, J. R. Maze, T. Ohshima, O. O. Soykal, A. Gali, S.-Y. Lee,
F. Kaiser and J. Wrachtrup, “High-fidelity spin and optical
control of single silicon-vacancy centres in silicon carbide”,
Nature Communications 10, 1954-1-8 (2019). E

P2-1 Project “Microbeam Radiation Biology”

Papers

1) T. Funayama, “Heavy-lon Microbeams for Biological

Development of System and Utilization for
Biological Experiments in QST-Takasaki”, Quantum Beam
Sci. 3, 13 (2019). C

2) T.Funayama, T. Sakashita, M. Suzuki, Y. Yokota, N. Miyawaki,

H. Kashiwagi, T. Satoh and S. Kurashima, “An irradiation device

Science:

for biological targets using focused microbeams of cyclotron-
accelerated heavy ions”. Nucl. Instrum. Meth. Phys. Res. B 465,
101-109 (2020). C

3) Y. Yokota, Y. Wada and T. Funayama, “Distinct modes of death
in human neural stem and glioblastoma cells irradiated with
carbon-ion and gamma-rays”, Int. J. Radiat. Biol. 96, 172-178
(2020). C,G

Patent

) R FR, IRT EER, AL ER, PR R, AEREHT

vATAF VT, TN— | EYEREHE AR Y NS L UVHIE”,
5 H FE  PCT/JP2019/020219(2019.05.22), /A B & &
W0/2019/225633(2019.11.28) . C

P2-2 Project “lon Beam Mutagenesis”

Papers

1) Y. Oono, H. Ichida, R. Morita, S. Nozawa, K. Satoh, A.
Shimizu, T. Abe, H. Kato and Y. Hase, "Genome sequencing
of ion-beam-induced mutants detection of
candidate genes responsible for phenotypes of mutants in
rice", Mutat. Res. - Fundam. Mol. Mech. Mutagen. 821,

facilitates

111691 (2020). C
2) Y. Hase, K. Satoh, H. Secito and Y. Oono, "Genetic
consequences of acute/chronic gamma and carbon ion
irradiation of Arabidopsis thaliana", Front. Plant Sci. 11, 336
(2020). C,G
3) J. Zhang, M. Xu, M. S. Dwiyanti, S. Watanabe, T. Yamada,
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Y. Hase, A. Kanazawa, T. Sayama, M. Ishimoto, B. Liu and
J. Abe, "A soybean deletion mutant that moderates the
repression of flowering by cool temperatures”, Front. Plant
Sci. 11, 429 (2020). G
4) S. Fujinami, K. Satoh, I. Narumi and M. Ito, "Draft genome
sequence of calcium-dependent Novosphingobium sp. strain
TCAIl, isolated from a hot spring containing a high
concentration of calcium ions", Microbiol. Resour. Announc.
9, ¢00145-20 (2020). N
5) K. Satoh and Y. Oono, "Studies on application of ion beam
breeding to industrial microorganisms at TTARA", Quantum
Beam Sci. 3, 11 (2019). C
6) Y. Hase, K. Satoh, A. Chiba, Y. Hirano, S. Tomita, Y. Saito
and K. Narumi, "Experimental study on the biological effect
of cluster ion beams in bacillus subtilis spores", Quantum
Beam Sci. 3, 8 (2019). T
7) A.N. Sakamoto, "Translesion synthesis in plants: ultraviolet
resistance and beyond", Front. Plant Sci, 10, 1208 (2019).
C G
8) A. Shibai, K. Satoh, M. Kawada, H. Kotani, I. Narumi and C.
Furusawa, "Complete genome sequence of a radioresistant
bacterial strain, Deinococcus grandis ATCC 43672",
Microbiol. Resour. Announc. 8(45), ¢01226-19 (2019).
N
9) M B8, “EMORBIFBRIITEN IO ER T 525,
TSR EPEZE, 146, 38-42 (2019). C,G
10) B# fliZz, 1 M, TIE Zuh, FEF 53, 5 B
—, Wi —, UTRZ—AA L DRI BT DT
281, R 30 AR 0 B i R R SR R ZE 4 B
AR B E, 3-4, (2019). T
1) JER 5, Voik Mt AR 5k, HEH P HR I
LRI AR RO EREICBE T 2098 (BE3H) 1, B
WASTPESERN B 2 — R 9E S (2018), 14, (2019). N
Proceedings
1) =3 3z, ERF B, KRB 8 i —ak, iR
YU T A /2y B ATV T 27 A0 DNA S
DIEREMEIZ B D/ WREHT ), AR 2020
R, DUNR, Mk, R 54, 2A09al0,
(2020) G
2) /b B, g K, Rk BRth, REF O, SEE BUA,
IR B, “EREGE T CMIEZm SR ML
FINTT AL EROBRAER, 55 71 B A ALY TF
DRE, AAREY TS, (MRS, R, Rk
FH4E, 1Bp0l, (2019) C
3) InEE A&—, Nl RO, KR Bh, KRB OB, IR EE,

SV BRA, TR IR, MEEMEZ TR T AR & A
ERRIZBIT DG T /AN EA T = X LD,
871 M A AEM TR Re, BAEY TS, [RILK
5, W], Kk sE 54, 1Bp02/hey 7 24 pp. 37-38,
(2019). C
4) EIE Buh, HE RN, BA Mz, KEF OB 8K AR,
BFE Glh, T NRIZB U DA AV RN BAR O

Hr7, 2019 SEREREHRABE A H T AT - BRI JE
FER T OCE,  [BAREBERE, #4311, pp. 18-19

(2019) C

5) & HMEE, A HER, ROME, KBS, SRR, B
Kb, TN EPEAAE RIRIZ BT D CO R,
2019 AFRE RIS PE K T - RIR S R
TSI OCEE,  [BARFRERSE, #AR)I], pp. 110 (2019).

C

6) Y. Yokota, and A. N. Sakamoto, “Contribution of the
homologous recombination pathway in DNA double-strand
break repair of the haploid model plant Physcomitrella

patens”, HARJGREEFRE QRIRSTEEHE, [HHD
K2, #], P76 (2019). GG

7) B BB, THEMOA e — N E R E SRR AT
ZZOWT ) [4B453#7#], 2019 3 RBC EDOTRATE
HELE, (B LX —INERIF R, <X (2019).

C,G

Patents

1) 0 #B3FE, BR Wiz, B B, KE
65”7, SRSk 34284 (2019.10.31).

2) N BREE, B MZ, B R, RIr &, 3FEDA
757, SRSk 34285 (2019.10.31).

3) W ARA, IR &, /L B, TRk BE, R
th, RE &, “SRFEILRME T4 AV EEEEERD
BTk, ERIBAATERME TA AL @ SRR K O
A& W MIR GG 1L, FiRE 2019-145222 (2019.8.7).

4) SEW A, DR &—, TRk W, EEE Wi, KEF &
HANVEEEA EEROBRITIE, HOA ANV &E
FA R KR O E AWIcigE 517, FERE 2019-
104643 (2019.6.4).

Press- TV

1) “BEBRAVC L oMM BN TEEL | ~RE
THEOEHILRE BILET~", 2019/11/27 SV A%EE Fi
FEHTH, EESMCI C

2) “HEMIT. BT BCHIEMAI RIS TR DAL
HHIL . DNA Z5F—E7 /WA A X T X T~ D EHIH
TRETARBRCIE R | —7,2020/3/10 7L AFERE. C,G

B ITEDA

P2-3 Project “Medical Radioisotope Application”

Papers

1) A. Yamaguchi, A. Achmad, H. Hanaoka, Y. D. Heryanto, A.
Bhattarai, Ratianto, E. Khongorzul, R. Shintawati, A. A. P.
Kartamihardja, A. Kanai, Y. Sugo, N. S. Ishioka, T. Higuchi
and Y. Tsushima, “Immuno-PET imaging for non-invasive
assessment of cetuximab accumulation in non-small cell lung
cancer” BMC Cancer, 19, 1000 (2019). C,2-23

2) T. Sakashita, T. Sato, N. Hamada, “A biologically based
mathematical model for spontaneous and ionizing radiation
cataractogenesis” PLoS ONE, 14, ¢0221579 (2019). C

3) KB FEZ, “o M 2VUAL 25 U7 A8 i
KT DIERNT AV M= 15 FIE DB,  JSMI Report, 13,
3-10 (2020/01). C

Proceedings

D WF Fek, K BEZE, W G, B AR,
HERst, Vex R —BR, Al #, 51 FlE, “Anti-tumor
effects of [At-211]-MABG  treatment in PCI12
pheochromocytoma cells and cell death via p53-p21 signaling
pathway”, H ABE I EERE 62 Bk, BEE
Oral session 8, [JUABK T H¥F v 732« ;U] (2019/11).
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2) WF ek, Rk EE, B UAE, Al iy B 2=
W, “HERYT A =T IRIRICRITD 3D FEEAT zaA R
28~ 3D BRI 2L —arOEM”, 8 3 FERA
SWRITEEENGE S, BERE P, [[ENIAAMFE L H—
HR](2019/11). N

3) JERA ZE.RE BZE. 8K oo, e R —ER, BN
FeRt PG 2k REF R, AN M B RA, “At-
211 B o AFN-T ==V T T =0 % TN O R
B, 5 59 Bl B ABE RS TR S, BEHE M2VBI,
[ - 222 (2019/11). C

4) KOF E—, B g, Sl P, 8 B, Al
T, & B, FHE OB, “BEROBITICEI DA AR A
O ERT B — A DEW”, 38 [l R
e, EEHE A-16, (K] (2019/11). C

5) & WEfh, ZE4E 2L, KO E—, Jul O, B R,
FHE O A - TR o—EEE LAV
B RIN R SR D 3 BE”, 25 56 Bl7a—Ar T xriay
ORTREER S, BEE, [BHTEKR -4 HZE] (2019/10).

C

6) FUILFET, R Bk, KO E—, LiE BE=, w9
BB, P AR, AR B, UL SRR, & M, UT A
A7 a— @B % AT R GRS O BE, AAR
ST L F2H 68 Fe, HEHE Y1043, [THK- T4
(2019/9). C

7) EHL BB, Ll PR, AR Bk, Al gt 2R OB,
K fH—, FH A%, “PET MZEIKHKIA RLDT=6 O fif bt
PERGLR G B AT DA R Z” ) AARSHH LR S
68 5, BEE Y2027, [THEK- T4E] (2019/9). C

8) HIE #iK, ik Mo, fEM EWL, B L, BE M
e, A EH, OKIL AL, D SR, EaE E o
WeoOomE s, AW M, M OJE, SRR R,
“Radiotheranostics (& A7t tEay #/7 2z 5 211
IR R L L CORA S F VB RO, 517 [k
HREZHIOBEFOEDD T4 T —<T F—T L
(PPF2019), [7 ¥ L —2H AR T /L 1#:45](2019/9).

9) Al S, FHD S, T RO, EFE B, &I AL,
DAABER T 25 F > 211 O iliE4 v RE I D IR
A 2RO () e =/ oE”, BARFE T
T 2019 FRROKRE, EEE IMI6, [ ILKRIfEF v
2R E 1] (2019/09). C

10) P57 ks, g TR, TLE B, B 8%, W1 FAL,
HlE A, “DATRIRAT 2ZF o 211 Okl 2 vl ke
T DR A~ AL DB (2) RIRE A~ AER DR
FRBR”, BAK T %S 2019 EHO KRS, HEHE
IM17, [8 1L R IAEF v 73 Z 5 1] (2019/09). C

1) &)1 AL, E RS, ik SR, PR S, Al e,
DR T A2 T 211 O bE % ATREIC 3 DRIk
AV AR OHFEG)  FREEMY O miREe A<
AREDIAFIE”, AR T2 2019 FHRORES, HE
£ IMILS, [& I K FAEF v 72 & [1] (2019/09). C

12) D %k, “BEESIRRA~OIEHE B LT V7 7
HIRZRED Sy i - FRBE ORFZE” [Hi558E], PET ¥~ —t
IF—2019 in fEE, BEE Byivar 122, [Ty ERE
- 5] (2019/08). C

13) F& WM, (liler B, S e, KOF E—, EHL EEE,
FH O, AR S, D S, BRI FiEE A
TSR SR D Sy BERE B, 28 79 18] AT LFRY
e, BEHE B00IR, [ALIUNEESZHS &AIM- LU
] (2019/5). C

14) =M elE, ik ELCE, 208 mSE, i B, AR B,
RF fH—, FH 8, BRI eE O Ty
PE—AF BB, B 19 B oirfb RS, BEEE
Y1047, (AL LM E RS #8 &AM - AL TN (2019/5).  C

15) S.Watanabe, M. Anwar-Ul Azim, 1. Nishinaka, I. Sasaki, Y.
Ohshima, K. Yamada, N.S. Ishioka, “Synthesis of 4-
[2" At]astato-L-phenylalanine via electrophilic demetallation
from a silyl precursor”, 11th International Symposium on
Targeted Alpha Therapy (TATI11), Poster #21 [Ottawa,
Canada] (2019/04). C

16) Y. Ohshima, N. Kono, Y. Yokota, S. Watanabe, 1. Sasaki, N.
S. Ishioka, T. Sakashita and K. Arakawa, “RNA-seq Reveals
Tumor Radiation Response and Novel Molecular Targets on
a-emitting  Meta-?!! At-astato-benzylguanidine Therapy for

Malignant ~ Pheochromocytoma”,  11th  International
Symposium on Targeted Alpha Therapy (TAT11), Poster #2
[Ottawa, Canada] (2019/04). C

17) H. Suzuki, H. Tanaka, N. Washiya, M. Tatsuta, Y. Sato, Y.
Kaizukal, S. Watanabe3, T. Uecharal, N.S. Ishioka, N.
Shirakami, T. Watabe,
“Radiohalogenated neopentyl derivatives: A novel scaffold

J. Hatazawa and Y. Arano,

for radioiodinated and astatinated compounds of high stability

against in vivo dehalogenation”, 11th International

Symposium on Targeted Alpha Therapy (TAT11), 2 54E

14 [Ottawa, Canada] (2019/04). C
Patent

1) A s SR 1S, U5 s, B ERIGL R fY
R, RELEE”, MU AL A K OV T TR
(RBUYESEE HFE 2019-068102 (2019.3.29). C

P2-4 Project "Radiotracer Imaging”

Papers

1) S. Yamamoto, M. Yamaguchi, T. Akagi, M. Kitano and N.
Kawachi, “Sensitivity improvement of YAP(Ce) cameras for
imaging of secondary electron bremsstrahlung X-rays emitted
during carbon-ion irradiation: problem and solution”, Phys. Med.
Biol. 65: 105008, (2020). N

2) A.Yoneda, D. Yasutake, K. Hidaka, N. . Muztahidin, Y. Miyoshi,
M. Kitano and T. Okayasu, “Effects of supplemental lighting
during the period of rapid fruit development on the growth, yield,
and energy use efficiency in strawberry plant production”,

International Agrophysics A 34, 233-239 (2020). N
3) K. Kurita, Y. Miyoshi, Y. Nagao, M. Yamaguchi, N. Suzui, Y.-G.
Yin, S. Ishii, N. Kawachi, K. Hidaka, E. Yoshida, S. Takyu, H.
Tashima and T. Yamaya, “Fruit PET: 3-D imaging of carbon
distribution in fruit using OpenPET”, Nucl. Instrum. Methods.
Phys. Res. B 954, 161843 (2020). C,2-25,2-30
4) S. Nakamura, N. Suzui, Y.-G. Yin, S. Ishii, S. Fujimaki, N.
Kawachi, H. Rai, T. Matsumoto, K. Izawa-Sato, N. Ohkama-Ohtsu,
“Effects of enhancing endogenous and exogenous glutathione in
roots on cadmium movement in Arabidopsis thaliana”, Plant
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Science 290, 110304 (2020). C, 2-25, 2-30
5) ndt (MRS, T AR, IR HEFE BEORE, AR
BT DI #RA A— 77  RADIOISOTOPES 68, 643-657
(2019). C, 2-25, 2-30
6) K. Yoshino, Y. Numajiri, S. Teramoto, N. Kawachi, T. Tanabata,
T. Tanaka, T. Hayashi, T. Kawakatsu, Y. Uga, “Towards a deeper
integrated multi-omics approach in the root system to develop
climate-resilient rice”, Molecular Breeding 39, 165 (2019).
C
7) N. Suzui, K. Tanoi, J. Furukawa, N. Kawachi, “Recent Advances
in Radioisotope Imaging Technology for Plant Science Research
in Japan”, Quantum Beam Science 3, 18 (2019). C, 2-25,2-30
8) M. Yamaguchi, Y. Nagao and N. Kawachi, “A simulation study
on reduction of the background component using veto counters
for imaging of therapeutic proton beams by measuring secondary
electron bremsstrahlung using a parallel-hole collimator”, Jpn. J.
Appl. Phys. 58, 021005 (2019). N
9) T. Nakano, M. Sakai, K. Torikai, Y. Suzuki, S. Noda, M.
Yamaguchi, S. Takeda, Y. Nagao, M. Kikuchi, H. Odaka, T.
Kamiya, N. Kawachi, S. Watanabe, K. Arakawa and T. Takahashi,
“Imaging of *™Tc-DMSA and "F-FDG in humans using a
Si/CdTe Compton camera”, Phys. Med. Biol. 65, 05LT01 (2020).
N
10) S. Yamamoto, M. Yamaguchi, T. Akagi, M. Sasano and N.
Kawachi, “Development of a YAP(Ce) camera for the imaging of
secondary electron bremsstrahlung x-ray emitted during carbon-
ion irradiation toward the use of clinical conditions”, Phys. Med.
Biol., 64, 135019 (2019). N
11) T. Yoshihara, K. Kurita, H. Matsumura, V. Yoschenko, N.
Kawachi, S. Hashida, A. Konoplev and H. Yoshida, “Assessment
of gamma radiation from a limited area of forest floor using a
cumulative personal dosimeter”, J. Environ. Radioact, 204, 95-
103 (2019). N
12) Y.-G. Yin, S. Ishii, N. Suzui, M. Igura, K. Kurita, Y. Miyoshi, N.
Nagasawa, M. Taguchi and N. Kawachi, “On-line rapid
purification of ['*NIN gas for visualization of nitrogen fixation and
translocation in nodulated soybean”, Appl. Radiat. Isot. 151, 7-12
(2019). C
13) A. Wongkaew, S. Nakamura, N. Suzui, Y.-G. Yin, S. Ishii, N.
Kawachi, K. Kojima, H. Sekimoto, T. Yokoyama and N. Ohkama-
Ohtsu, “Elevated glutathione synthesis in leaves contributes to zinc
transport from roots to shoots in Arabidopsis”, Plant Science 283,
416-423 (2019). C
14) =4F 5K, A DK, “RPbas A A=V 7 BHR(PETIS) &
N AT A IREAD A BREYHRTTEIRED R, 727D /%
A%, 3,761-764 (2019). C
15) M. Yamaguchi, Y. Nagao and N. Kawachi. “A simulation study on
estimation of Bragg-peak shifts via machine learning using proton-
beam images obtained by measurement of secondary electron
bremsstrahlung”, IEEE Trans. Radiat. Plasma Med. Sci. 4, 253-261
(2020). N
Proceedings
1) S. Sakurai, K. Kurita, H. Yoshida, N. Kawachi, K. Uchiyama and
T. Yoshihara, “Development of a simple and easy method for
measuring radioactivity of bark using cumulative personal
dosimeters”, Proceedings of the 20th Workshop on
Environmental Radioactivity, 242-247 [Tsukuba, Japan] (2019).

N

2) Y.-G. Yin, “Visualizing and evaluating long-distance phloem
transport of photoassimilates by the PETIS and 11CO2 tracer”
[Invited talk], 25 61 [ AAREY/ ERIERAERT VAR D L
NIV 2 R PR BRARTE D /31 AR, S03-6 [RBRCK
22+ RPK](2020/03). C,2-25,2-30

3) Y. Nagao, M. Yamaguchi, S. Watanabe, N. S. Ishioka, N.
Kawachi and H. Watabe, “Optimization of Coincidence Time
Window on Compton Imaging of Astatine-211 for Targeted a-
Particle Radiotherapy”, 2019 IEEE NSS/MIC, Prgm. M-01-361,
[Manchester, UK] (2019/10). N

4) M. Yamaguchi, Y. Nagao and N. Kawachi, “A Simulation Study
on Estimation of Bragg-Peak Shifts via Machine Learning Using
Proton-Beam Images Obtained by Measurement of Secondary
Electron Bremsstrahlung”, 2019 IEEE NSS/MIC, Prgm. M-13-
345, [Manchester, UK] (2019/10).

5) S. Yamamoto, M. Yamaguchi, T. Akagi, M. Sasano and N.
Kawachi, “Imaging of secondary electron bremsstrahlung X-ray
emitted during carbon-ion irradiation near clinical conditions”,
2019 IEEE NSS/MIC, Prgm. M-06-347, [Manchester, UK]
(2019/10). N

6) LA Fk—, (im FodF, T AR, ARML B, BkH R, 5
N, R RIBHRHE — LRI LT D YAP(Ce)
X BRAAZ DY EL: FEEARRRT, 55 67 IS T2
FAANTIESS, FEE S 12p-D209-11 [ 3K - AR T
FHIX] (2020/03). N

7T n JEFE, RSN, R M, T AR, T e
T CdTe A A=A AE LT BI%6 X BROBIEIC S D165 H
AL E = DA AT DDV 2l — 2 (LD ERERT
fili”, 55 67 IS B A RS, S 15a-
D209-4 [ R K- HUTER AU HX] (2020/03). N

8) A Bk— LA JEF M s IUE E5L R B g
Hy AR, “IRFBFIRINC IV RAETD 2 IREFHlE) X #5E
IR EIRAL D7D 0 YAP AT DBASE”, 55 117 [0l H A&
MBI PN RS, SRE S 0-172 [0 7 ik - B
] (2019/04). N

9) &t ER, “FEHIEN OB Y AEIREE AL HR Y e
YRR 127Cs M—Y OBI%E” [afriii], 5 67 [mlis
BRSBTS ARV AT RI A A=
7 Bk IS A~ ZEIS F O BeRiifi~ ], 13p-A501-3 [ EARF-
HUR] (2020/03). C,2-25,2-30

Press-TV

1) “HrZREVEREEI G WIS ChHD TR = TR AT
ZHFEL, HFRTHO TORKRRBRIZHL D —PET AL
SPECT HAIDFRFEH BigALIZmsh—", 2019/724, 7'V
AFER: TioeHTH, AAREFRTRIC IR, Frfhyhas=a
—AIZH#, Yahoo Japan == —AIZHEAHE. N

2) “MEIED ELVMZEI HETBRRER A TETW LD T LS AL
THER ~BLF AR D HLE T OIS AT F~7,
2019/8/8, 7L A% : MONOist EHHAT == —RITHEH,
Yahoo Japan —==—A|ZHEH. N

3) “TAFTRFENEICEITNDOIE PIEHHEZH - 5 2
B OE | A AZ BB T Ak =2, 2020/1/27, 7L A3
#: BEETLE (22— JUST6, ==2—A eye8) THitik, i
FOBTR, RECHTR, Ry, RSN I

C
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P2-5 Project "Generation of Radioisotopes with Accelerator Neutrons"

Papers

1) K. Tsukada, Y. Nagai, S. Hashimoto, F. Minato, M. Kawabata,
Y. Hatsukawa, K. Hashimoto, S. Watanabe, H. Sacki and S.
Motoishi, “Anomalous Radioisotope Production for ®ZnO

Using Polyethylene by Accelerator Neutrons”, J.Phys.Soc.Jpn.

89, 034201-1~7 (2020). C
2) L. Nishinaka, K. Hashimotoand H. Suzuki, “Speciation of
astatine reacted with oxidizing and reducing reagents by thin
layer chromatography: formation of volatile astatine”, J.
Radioanal. Nucl. Chem. 322, 2003-2009 (2019). N
3) E. Maeda, A. Yokoyama, T. Taniguchi, K. Washiyama and I.
Nishinaka “Measurements of excitation functions of radon
and astatine isotopes from ’Li-induced reactions with 209Bi
for development of a 2!'Rn->!"At generator”, J. Radioanal.

Nucl. Chem. 323, 921-926 (2019). N
Proceedings
1) A —8, A FsE, gAKMo, “TRAF- R AX

FACFERORE”, 5 3 [l B AKE LSS RS
SIMBLEIE R 5 19 [BIHORE R S3E R - {5 32 W 38T
5t42(2019) [ L] 2L B4E, P9 B-1 (2019). N
2) W)l BRERT-, FEHR —BA, AiH OE, AR 6, YUAt O4F
B & MEEIE R AT AT, 5 3 [0l A AL RS
B BRSBTS 8 19 B PEE S5 -
WA 7822 (2019) [ L] 2 E4E, P9 B-2(2019). N
3) mH —H, BBAR FsE, geR Hion, 1 KK, Azim
Mohammad Anwar-Ul, £ [if] #i7-, “EHEH o BEPE At-
211 FIHDT=6 OILRENIFE — 7547 At /L FFEO[RE -,

% 56 BT AV RN—"7" B2 (2019) (R 2
E4E P18 1p-1-08 (2019). C
4 KH B4, I 51, AR F, KA ®=AE, EE FH,
A Ffnsz, W fold, W)l HE—, K FHf, “Zn-Cu
BNy BEEA TR A PE Cu-64, 67 ORLIERHSE”,
HABS LS 63 [EFTime (2019) (Wb 1 H 54
3A03 (2018). N
5) B W, A FISE, 8K oo, “BET AET AT
Tl SRR ML AR — ER b SR TAIR R AFE —7, B AR
FHEF S 63 mlEtias (2019) (Wb E]EE4E, 3A01
(2019). N
6) JIlg FEE, ¥ =, HoF B, R ER, B =(E,
W —8, BEIL BEE, ‘SR AOKAREINIEEAA
TR EIZES Ro-At V=R —F—U AT LOB%”, H
AHHEFERE 63 MR (2019) Wb E]EELE, 13
(2019) N
7 HH RHES, B o=, I FEE, R ER, BN =(E,
EEP B, ﬂ%zﬁ‘é, & KOBE, Yan Wang, BB, b

RIERE, “2NRn2UAL VxR — X — AT NI E R
Wpo OFRELEDORE, A AL TFERE 63 Bitias
(2019) LW E]EEH, 11 (2019). N
Patent
1) W BREF, RS W, ATl sz, EEP —H, “o B
iﬁi@’\*ﬁjﬂﬁl’avﬁﬂ HE”, FFE 2019-136227
(2019.7.24). N

P3-1 Project "Laser Compton Scattering (LCS) Gamma-ray Research”

Papers
1) T. Maruyama, T. Hayakawa and T. Kajino, “Compton
Scattering of Gamma-Ray Vortex with Laguerre Gaussian
Wave Function”, Scientific Reports 9, Article number: 51
(2019). N
2) H. Sakai, E. Cenni, K. Enami, T. Furuya, M. Sawamura, K.
Shinoe and K. Umemori, “Field emission studies in vertical
test and during cryomodule operation using precise x-ray
mapping system”, Phys. Rev. Accel. Beams 22, 022002
(2019). N
3) H. Zen, H. Ohgaki, Y. Taira, T. Hayakawa, T. Shizuma, I.
Daito, J. Yamazaki, T. Kii, H. Toyokawa and M. Katoh,
“Demonstration of tomographic imaging of isotope
distribution by nuclear resonance fluorescence”, AIP
Advances 9, 035101 (2019). N
4) N. Nishimori, R. Nagai, R. Hajima, M. Yamamoto, Y. Honda,
T. Miyajima and T. Uchiyama, “Operational experience of a
500 kV photoemission gun”, Phys. Rev. Accel. Beams 22,
053402 (2019). N
5) T. Maruyama, T. Hayakawa and T. Kajino, “Compton
Scattering of Hermite Gaussian Wave y Ray”, Scientific
Reports, volume 9, Article number: 7998 (2019). N
6) T. Shizuma, M. Omer, R. Hajima, N. Shimizu, and Y. Utsuno,
“Spin and parity determination of the 3.004-MeV level in
27Al: Its low-lying multiplet structure”, Phys. Rev. C 100,

014307 (2019). N

7) M. Omer and R. Hajima, “Validating polarization effects in y-

rays elastic scattering by Monte Carlo simulation”, New
Journal of Physics 21, 113006 (2019). N
8) P& BR—, “BHEFL— Y —ICEDMHEZEMN LA
A", VT4 34, No.1, pp.12-14 (2019). N
9) FJII B, Y B, “KEF=2— N /ST 98Tc
ZHK”, Tsotope News, No.762, pp.26-29 (2019) N

10) 7 217, R T O IRIRBZ D (B OBF5ED
5)”, AAMBESEE 74, No.5, pp.325-329 (2019).

N

Proceedings
1) T.Obina, D.A. Arakawa, M. Egi, T. Furuya, K. Haga, K. Harada,
T. Honda, Y. Honda, T. Honma, E. Kako, R. Kato, H. Kawata, Y.
Kobayashi, Y. Kojima, T. Konomi, H. Matsumura, T. Miura, T.
Miyajima, S. Nagahashi, H. Nakai, N. Nakamura, K. Nakanishi,
K.N. Nigorikawa, T. Nogami, F. Qiu, H. Sagehashi, H. Sakai, S.
Sakanaka, M. Shimada, M. Tadano, T. Takahashi, R. Takai, O.A.
Tanaka, Y. Tanimoto, T. Uchiyama, K. Umemori, M. Yamamoto,
R. Hajima, R. Nagai, M. Sawamura and N. Nishimori, “1 mA
Stable Energy Recovery Beam Operation with Small Beam
Emittance”, Proceedings of the 10th International Particle
Accelerator Conference (IPAC-2019), [Melbourne, Australia],
1482-1485 (2019). N
2) Y. Sumitomo, Y. Hayakawa, T. Sakai and R. Hajima,
“Simulation of Short-Pulse Generation from a Dynamically
Detuned IR-FEL Oscillator and Pulse Stacking at an External
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Cavity”, Proceedings of the 10th International Particle
Accelerator Conference (IPAC-2019), [Melbourne, Australia],
1778-1781 (2019). N
3) S. Matsuba, M. Katoh, K.S. Shimada, K. Harada and K. Kawase,
“Design Study of an Electron Storage Ring for the Future Plan of
Hiroshima Synchrotron Radiation Center”, Proceedings of the
10th International Particle Accelerator Conference (IPAC-2019),
[Melbourne, Australia], 200-202 (2019). N
4) S. Matsuba, M. Fujimoto, M. Katoh, M. Hosaka, K. Kawase, T.
Konomi, N. Yamamoto, A. Miyamoto and S. Sasaki,
“Experimental Demonstration of Vector Beam Generation With
Tandem Helical Undulators”, Proceedings of the 10th
International Particle Accelerator Conference (IPAC-2019),
[Melbourne, Australia] 1766-1768 (2019/5). N
5) R. Hajima, K. Kawase, R. Nagai, Y. Hayakawa, T. Sakai, Y.
Sumitomo, T. Miyajima, M. Shimada, H. Ohgaki and H. Zen,
“Application of Infrared FEL Oscillators for Producing Isolated
Attosecond X-Ray Pulses via High-Harmonic Generation in Rare
Gases” [Invited talk], Proc. FEL-2019, 272-275 (2019). N

6) R 5, P B—, BIF TS, 6k, #F2E KIS,
TR HE, ‘C BEERER HOM By 77— RYED LR,
Proceedmgs of the 16th Annual Meeting of Particle Accelerator
Society of Japan, July 31 - August 3, 2019, 706 (2019). N
7 A B, PR B—, A AT, AT FA, HE P
R, R EUA, CBREAR — 7 2RO E T — LA
HERR“, Proceedings of the 16th Annual Meeting of Particle
Accelerator Society of Japan, J [Kyoto, Japan], .709 (2019/7-8).

N

8 PIE B—, JI BAE, AOF BiG, KiE kB, 4 ik,
RIS, 5 ), B PR, Bl RN, BE §), A
P L — 1 — BN 2 M0k L7 M X #BOLTRO B
%%” | Proceedings of the 16th Annual Meeting of Particle

Accelerator Society of Japan, [Kyoto, Japan], 742 (2019/7-8).
N
9) A& A, IRk #ELF, PS5 R—, “Genesis &V 7= cERL
\ZEDH IR B BT — S — OB ARAT”, Proceedings
of the 16th Annual Meeting of Particle Accelerator Society of
Japan, [Kyoto, Japan], 754 (2019/7-8) . N
10) 1B A, PE B—, K3 BiR, “SxU7o=r~n—7
R E AR EIRDIREL, Proceedlngs of the 16th Annual
Meeting of Particle Accelerator Society of Japan, [Kyoto, Japan],
780 (2019/7-8). N
1) A I, JI T, P B—, B AR, RIS,
B RE, RIS IR-FEL /L AEREOT-D DA
IR O BAGE LFBREFE”, Proceedings of the 16th Annual
Meeting of Particle Accelerator Society of Japan, [Kyoto, Japan],
783 (2019/7-8). N
12) Bk 5635, AR (AR, ANy JkiA, FFE KRS, R HE,
Feng Qiu, =i Z+, HF K, KM s, /NG B,
FAS B, Al RHR, 4l F—, & #45, HE EA,
(LI #45, “Compact ERL 12351 Téﬁ,ﬂﬁt — LR N TO
TSR LRI REDOHERS”, Proceedings of the 16th
Annual Meeting of Particle Accelerator Society of Japan, [Kyoto,
Japan], 478 (2019/7 8). N
13) )11 ECHE, 2 F0E, BRIL B, “PEOF THZ-FEL (238U}
% EO FHHO B EARHT”, Proceedings of the 16th Annual
Meeting of Particle Accelerator Society of Japan, [Kyoto, Japan],
1070 (2019/7-8). N
14) Ryoichi Hajima, “High-Repetition-Rate  High-Harmonic
Generation Driven by Infrared Free-Electron Lasers” [ Invited
talk], Published in: 2019 IEEE Photonics Conference (IPC), 29
Sept.-3 Oct. 2019, San Antonio, USA. N

P3-2 Beam Engineering Section

Papers

1) Y. Yamada, K. Suzuki, K. Yoshino, S. Taminato, T. Satoh, M.
Finsterbuch, T. Kamiya, A. Yamazaki, Y. Kato, K. Fujita, K.
Mima, S. Hori, M. Hirayama, R.i Kanno, "Ex-situ Analysis of
Lithium Distribution in a Sulfide-based All-solid-state
Lithium Battery by Particle-induced X-ray and Gamma-ray
Emission Measurements”, Electrochemistry 88(1), 45-49
(2020). S, 3-08

2) H. Kashiwagi, K. Yamada, “Investigation of the time interval

of plasma generation for a high repetition rate laser ion source”

Review of scientific instruments, 91(3), 033305-1 - 033305-5,
(2020). N
3) K. Yamada, H. Kashiwagi, “Low-charge-state ion production
by a laser ion source for the TIARA ion implanter”, Review of
scientific instruments, 91(1), 013305-1 - 013305-4, (2020). N
4) Y. Yuri, M. Fukuda, T. Yuyama, “Transverse profile shaping
of a charged-particle beam using multipole magnets -
Formation of hollow beams —“, Journal of Physics:
Conference Series, 1350, 012115, (2019). C, 3-01
5) A. Kitamura, T. Yamaki, Y. Yuri, H. Koshikawa, S. Sawada,
T. Yuyama, A. Usui, A. Chiba, “Control of the size of etchable
ion tracks in PVDF - Irradiation in an oxygen atmosphere and
with fullerene C60”, Nucl. Instrum. Meth. Phys. Res. B 460,

254-258 (2019). C, T,3-01
6) Y. Kaneko, H. Hayashi, Y. Ishii, W. Kada, H. Nishikawa,
index change and thermo-optic effect in
with
nanoparticles induced by proton beam writing”, Nucl.Instrum.
Meth. Phys. Res. B 459, 94-97 (2019) S, 3-04
7) T. Shibuya, S. Uchida, Y. Ishii, H. Nishikawa, “Assembling
gold nanoparticles by dielectrophoresis with pit arrays on
PMMA fabricated by proton beam writing”, Nucl. Instrum.
Meth. Phys. Res. B, 456, 60-63 (2019). S, 3-04
8) K. Okuyama, Y. Matsuda, H. Yamamoto, Y. Tamaki, K. Saito,
M. Hayashi, Y. Yoshida, K. Sano, T. Satoh, M. Koka,
“Fluorine distribution from fluoride-releasing luting materials
into human dentin”, Nucl. Instrum. Meth. Phys. Res. B 456,
16-20 (2019). S, 2-31, 2-33
9) Y. Matsuda, K. Okuyama, H. Yamamoto, M. Fujita, S. Abe,
T. Satoh, N. Yamada, M. Koka, H. Sano, M. Hayashi, S. K.
Sidhu, T. Saito, “Antibacterial effect of a fluoride-containing

“Refractive

polydimethylsiloxane =~ nanocomposites oxide

ZnO/CuO nanocomposite”, Nucl. Instrum. Meth. Phys. Res.
B 458, 184-188 (2019). S, 2-31, 2-33
10) S. Watanabe, Y. Katai, H. Matsuura, W. Kada, M. Koka, T.
Satoh, S. Arai, “Ion beam induced luminescence of complexes

formed in adsorbent for MA recovery process”, Nucl. Instrum.

- 166 -

QST Takasaki Annual Report 2019



Meth. Phys. Res. B 450, 61-65, (2019). N

11) Y. Yuri, M. Fukuda, T. Yuyama, “Formation of hollow ion

beams of various shapes using multipole magnets”, Progress

of Theoretical and Experimental Physics, 2019(5), 053G01,
(2019). C,3-01

12) Y. Ishii, T. Ohkubo, Y. Miyake, “Prototype of a penning

ionization gauge type ion source with a permanent magnet for

a MeV compact ion microbeam system”, AIP Conference
Proseedings, 2160, 030003-1 - 030003-5, (2019). N

13) W. Kada, 1. Sudi¢, N. Skukan, S. Kawabata, T. Satoh, J.

Suzaki, S. Yamada, T. Sakine, R. Kumar Parajuli, M. Sakai,

K. Miura, M. Koka, T. Kamiya, M. Jaksi¢, M. Hanaizumi, N.

Yamada.”Evaluation of scintillation properties of a- and -

SiAION phosphors under focused microbeam irradiation
using ion-beam-induced luminescence analysis”, Nucl.
Instrum. Meth. Phys. Res. B 450, 157-162 (2019). N
14) Hidetaka Hayashi, Wataru Furukawa, Hiroyuki Nishikawa,

Electronic circuit formation on flexible polymer surface
processed by 1 MV accelerated hydrogen molecular ions,
Nucl. Instrum. Meth. Phys. Res. B 459, 76-80 (2019).

S, 3-04

15) T. Segawa, S. Harada, T. Sato and S. Ehara, “Delivery and

Effectiveness of Carboplatin via Targeted Delivery Compared

to Passive Accumulation of Intravenously Injected Particles
Releasing Carboplatin upon Irradiation”, Radiat. Res. 193,
263-273 (2020). S, 2-32
16) W. Kada, T. Satoh, S. Yamada, M. Koka, N. Yamada, K.

Miura and O. Hanaizumi, “Micro-ion beam-induced

luminescence  spectroscopy for evaluating SiAION
scintillators”, Nucl. Instrum. Meth. B 193, 66-72 (2020).
S, 3-07

17) H. Amekura, K. Narumi, A. Chiba, Y. Hirano, K. Yamada, D.
Tsuya, S. Yamamoto, N. Okubo, N. Ishikawa, and Y. Saitoh,
“Ceo ions of 1 MeV are slow but elongate nanoparticles like
swift heavy ions of hundreds MeV”, Scientific Reports 9,
14980-1~10 (2019). T

18) B4 T, “BTFILX — A4 E— LD Roll-to-Roll #)
— MU AT OBRFE”, B R K TS5, 73(4), 203-207
(2019). C,3-01

19) Y. Hase, K. Satoh, H. Seito and Y. Oono, "Genetic
consequences of acute/chronic gamma and carbon ion
irradiation of Arabidopsis thaliana", Front. Plant Sci., 11, 336
(2020). C G

20) L.S. Relleve, C.T. Aranilla, B.J.Barba, A.K.R. Gallardo,
V.R.C. Cruz, C.R.M. Ledesma, N. Nagasawa and L. V. Abad,
“Radiation-synthesized polysaccharides/polyacrylate super
water absorbents and their biodegradabilities.” Radiation
Physics and Chemistry, 170, 108618 (2020). G

21) HA HKES, HA JEIE, K ML, )1 R, Bl
AT) = A DN L2 IR i R 7 VAR B O BHIE ™, Ko
FREPEZE, 146, 43-47 (2019). G

Proceedings

) = EE B & “vArre—LE- R HEZEBIL
72 AVF YA 7 ah e A1 D8 — MM ARHIEEA T OB,
Proceedings of the 16th Annual Meeting of Particle Accelerator
Society of Japan 175 — 178 (2019). N

2) ‘B EIE, Mk Bk, A #f, “TIARA AVF A7
By Oy =Ry M= 2 & A E S OB,
Proceedings of the 16th Annual Meeting of Particle

Accelerator Society of Japan, 810-813 (2019). N
3) WA —RR, O RUE, Rl R, 56 BT, Sl
B, “RIBEERS IR D70 DIER Lo 7 a7 7 A v
E=XDRH%”, Proceedings of the 16th Annual Meeting of
Particle Accelerator Society of Japan, 515-519 (2019). C
4 BHE B, mE OUZE, Bl B8R, “SERRER A
N — AR B Sy AR 22 (L 0O SERIE”, Proceedings of the
16th Annual Meeting of Particle Accelerator Society of Japan,
112-115 (2019). C, 3-01
5) Y. Yuri, M. Fukuda and T. Yuyama, “Transverse profile
shaping of a charged-particle beam using multipole magnets
— Formation of hollow beams —, Proceedings of the 10th
International Particle Accelerator Conference, 184-186
(2019). N
6) Y. Nojiri, Y. Koike, Y. Ishii and H. Nishikawa, “Surface
modification and microfabrication of piezoelectric fluorinated
polymers by proton beam writing”, 45th International
Conference on Micro and Nano Engineering (MNE) 2019,
Sep. 23-26, 2019, Paper No. PB46. S, 3-04
T B EE, W) Rz, R FE, BrsiiEic s s
B4+ £ A BHPVDF-TIFE) ~0 B 5" 45 Fn oo 48
R T S - BB BT RS No.3-P-28 (2019/9/3).
S, 3-04
8) WL fEF, Wl Rz, Mk FHE, A RAT, ‘Bl
7 v /2 PVDF-TIFE ~A27mt' 7 —O/ERY, 4150
FHEFS FIRKE, iHE 5 4-4 (2019). S, 3-04
9) HPJR MKNE, Ak FHE, W IIEZ, ‘TR RGEEa
R MO AR ENCR D 32 —=2 77, A0 2 AFER
FELERSHETHE po6, i EF 5 2-081
(2020/3/11). S, 3-04
10) B 3%, K FE, A RAT, B Rz, “Brrarhl
WXL EEM AT 57 v Rm B 3 ot iE
ROTZH”, 0 2 o R AR 2 E RS H TR, p.38-
39, HEFRE S 2-034 (2020/3/11). S, 3-04
1) {05 s, N G, )1 22z, By MUEEEIKE TN
AZNTORLA TR I 1T D R EERROKE”, 5
2 EERFREE RS TRIE, p.218, FlHE 5 3-154
(2020/3/11~13). S, 3-04
12) N. Miyawaki, H. Kashiwagi and N. S Ishioka,” Development
of a pepper-pot emittance monitor system for the TIARA
AVF cyclotron” Proceedings of the 16th Annual Meeting of
Particle Accelerator Society of Japan (2019) 175-178.
C, 3-02
13) N. Miyawaki and S. Kurashima, “Development of beam
phase control technology of AVF cyclotron for realization of
microbeam formation and its application”, Proceedings of the
15th Annual Meeting of Particle Accelerator Society of Japan,
810-813 (2019). C
14) A. Chiba, A. Usui, Y. Hirano, K. Yamada, K. Narumi and Y.
Saitoh, “Novel approaches for intensifying negative Ceo ion
beams using conventional ion sources installed on a tandem
accelerator”, Quantum Beam Sci. 4, 13 (2020). T
15) P8 853, TH b, (hE 2207, Ml A, &l s
7, @ E2, FA B, BN A, & 8A, BA
JIHEN, Vepk Fell, KA RIE, WRilE —%E, ik 5
—, B & 2, “TIARA HEMEROBUR”, 531 H¥
T DI B O DDA O TR R [HOR] WSk
112-115 (2019). T,S, I
16) S. Hosoya, S. Kurashima, A. Chiba, K. Yoshida, K. Yamada, T.
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Yuyama, T. Ishizaka, A. Yokoyama, Y. Hirano, N. Miyawaki, H.
Kashiwagi, Y. Yuri, T. Satoh, L. Ishibori, S. Okumura, T. Nara,
“Present status of TIARA at QST”, Proc, 16th Annu. Meet. Part.
Accel. Soc. Jpn. 1285-1288 (2019) C

TRE—AF =07 [HfFkE], WERFE—L0
TE~OIGHE 132 ZE 2 MSCATBOE N B AR B
&), #5238 MEIBFEE[HIL](2019), EEME p.14-21.

T

17) H. Amekura, “Shape Elongation of Embedded Nanoparticles Patent

Induced by MeV Ceo Ton Irradiation” [Invited talk] , Proc. 1)
of International Workshop on Radiation Effects of Materials
and Devices (REMD-2020), [Harbin,China] (2020). T

18) A %, “BlEAA L OREE —LELTD MeV Co 7

R mimml, A ES, 2H R, CEEERRREN LT o
TIVBIENAT VRV HFE 191226, FEFE 2019-
236517 (19.12.26). E, G

External Research Groups Except for Takasaki Advanced Radiation Research Institute

Journals
1) Y. Matsuya, T. Nakano, T. Kai, N. Shikazono, K. Akamatsu,
Y. Yoshii, T. Sato, “A simplified cluster analysis of electron
track structure for estimating complex DNA damage yields”,
Int. J. Mol. Sci. 21, 1701(2020). N, 2-34
2) M. Koshimizu, S. Kurashima, A. Kimura, M. Taguchi, T.
Yanagida, H. Yagi, T. Yanagitani, Y. Fujimoto and K. Asai,
“Effect of linear energy transfer on the scintillation properties of
Ce:Gd3AbGazO12”, Nucl. Instrtrum. Meth. Phys. Res. B 460, 74
(2019). C,3-10
3) M. Zhao, “Deuterium permeation behavior in Fe ion damaged
tungsten studied by gas-driven permeation method”, Fusion
Science and Technology 76, 246-251 (2020). N
4) M. Nakata, K. Azuma, A. Togari, Q. Zhou, M. Zhao, T. Toyama,
Y. Hatano, N. Yoshida, H. Watanabe, M. Shimada, D. Buchenauer
and Y. Oya, “Dynamics evaluation of hydrogen isotope behavior
in tungsten simulating damage distribution”, Fusion Engineering
and Design 146 2096-2099 (2019). N
5) M. Yoshimoto, Y. Yamazaki, T. Nakanoya, P. K. Saha, and M.
Kinsho, “Progress status in fabrication of HBC stripper foil
for 3-GeV RCS at J-PARC in Tokai site”, EPJ] Web of
Conferences 229, 01001 (2020). S, I, 3-18
Proceedings
1) M. Ando, H. Tanigawa, H. Kurotaki, T. Nozawa, Y. Katoh,
“The p-tensile deformation behavior of single block structure
of F82H irradiated at 573K”, Proceedings of The 19th
International Conference on Fusion Reactor Materials
(ICFRM-19), Oct. 28, 2019, La Jolla, California, U.S.A.
T, 1-36
2) A VA, @R A, AR SR, ERE ANOL, TR
PR AL ER A % (2 35 U AR S M B R 0D AL BB A B 5 (22)
7= RGN & DA MEUL RO KRG, A
AIFEA 154 2019 FRDO KRS, TRLE 3102 (2019).
G, 1-41
3) T. Nakanoya, M. Yoshimoto, Y. Yamazaki, O. Takeda, R. Saeki,
M. Mutoh, “Fabrication status of charge stripper foil for 3GeV
synchrotron of J-PARC”, Proc. 16th Annual Meeting of Particle
Accelerator Society of Japan, [Kyoto, Japan] (2019/08).
PASJ2019 WEPI036. S, I, 3-18
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Appendix 2 Type of Research Collaboration and Facilities Used for Research

Type of Research Irradiation Facilities*2 Type of Research Irradiation Facilities*2
Paper Collaboration*1 Paper Collaboration*1
" (oo | T Gee [ T[SV E ] e || | e [ G o || ||
101 | @ of 1-42 ° ©
102 | ®N 1-43 ° ©
1-03 [ ) © ©f 1-44 o ©
104 | @ © 1-45 ° o|o
105 | @ © 1-46 ° ©
106 | @ © © 1-47 ° ©
107 | @ © 1-48 ° ©
1-08 | @ © 1-49 [ ©
1-09 °
110 | @ © 2:01| @ ©
11| @ © 2:02| @ ©
112 | @ © 2:03| @ ©
113 | @ © 204 | @ ©
114 | @ © 2-05 | @ ©
115 | @ © 2-06 | @ ©
1-16 ° of207| ® © ©
1-17 ° © 2-08 | @ ©
118 | @ © 209 | @ ©
119 | @ © © 210 | @ ©
120 | @ © 2-11| @ ©
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Type of Research
Paper Collaboration*1

Irradiation Facilities*2

Type of Research
Paper Collaboration*1

Irradiation Facilities*2

No. [Joint | Entr. | Coop. | Inter. | Ext.

Res. | Res. | Res. | Use | Use CIT|S|!

E

G

No. " Joint [ Entr. Coop. | Inter. | Ext.

Res. | Res. | Res. Use | Use ClT|sS|!

E

G

2-33 o ©

2-34 ] ©
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3-01 [ ] ©

3-02 o ©

3-:03( @ ©

3-04 | @ ©

3-05| @ ©

3-06 | ®N

3-07 o ©

3-08| @ ©

39| @ ©

3-10 ® |0

3-11 o © ©

3-12 ON

3-13 o ©

3-14 [ ©

3-15 o © ©

3-16 o © ©

3-17 [ ] ©

3-18 [ 0|0

4-01 O|O|0]0O

4-02 O

4-03 0]10]|0

4-04 O|0O

4-05 (O} O]

4-06 O|O0|0]0

4-07 (O} (O fOR KO

4-08 O|O0[O0|0|0O]|0O

Total 56 0 13 19 14 35112 |18 (18 | 7 |27

*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 QST 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 | : 400 kV lon 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
"QST-facility-use" and "Creation of Research © : Study use of irradiation facilities at TARRI
Platforms and Sharing of Advanced Research O : Management of irradiation facilities at TARRI
Infrastructure" supported from MEXT N : Non-use of irradiation facilities at TARRI
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Appendix 3 Abbreviation Name for National Organizations

[National Institutes for Quantum and Radiological Science and Technology: QST]

(BRI BARAITERHEREAS)

#Directorate and Institutes of QST appearmg in this report

QuBS &t —2AF8 : Quantum Beam Science Research Directorate
TARRI &% &5 HAFSET . Takasaki Advanced Radiation Research Institute
KPSI  BIVE LR = 5E A : Kansai Photon Science Institute

NFI ARETEZ R & W 22 Pl : Naka Fusion Institute

RFI NPTk S Ze P :  Rokkasho Fusion Institute

NIRS U #RIE SR A A SEHT . National Institute of Radiological Sciences

¢Examples of Department and Center of QST
cH B — AR SRR
Department of Research Planning and Promotion, QuBS, QST
s — ARPEET SR IS A SR Seim i RE TR SE
Department of Advanced Functional Materials Research, TARRI, QST

B AR m R S AR T BOR BRI SE
Department of Radiation-Applied Biology Research, TARRI, QST

s AR R S A AFZE T ORI R i R
Department of Advanced Radiation Technology, TARRI, QST

cE B AREE, E IR RS AFZE T, B e — LS R 2 —
Tokai Quantum Beam Science Center, TARRI, QST

cEE AR, E R S A AFZE T, A B
Department of Administrative Services, TARRI, QST

BB RV BITOLEEAFZERT . Ot B R ZE S
Department of Advanced Photon Research, KPSI, QST

cEFE— AR B POER ERRZERT . ISR s 2 —
Synchrotron Radiation Research Center, KPS|, QST

RS oL — R IREEZ @S AT SEAT . ITERZ 1y =7 MR
Department of ITER Project, NFI, QST

RS LR, N T RS T TR L LR SR AR S B FE 5T
Department of Fusion Reactor Materials Research, RFI, QST

B R L ORI SRR AT TR S R TR AT ZE R

Department of Basic Medical Sciences for Radiation Damages, NIRS, QST
cE TR PR U RRE SRR G AFZE T BORL AR IA A SRS
Department of Charged Particle Therapy Research, NIRS, QST

cEE IR U R E R G AR RT, W EE L
Department of Accelerator and Medical Physics, NIRS, QST

- B AR ek
Institute for Quantum Life Science, QST
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[Other National Organizations appearing in this report}

AIST  EEHINEWFIEET : National Institute of Advanced Industrial Science
and Technology

JAEA HRJF 11T C B T s A :  Japan Atomic Energy Agency

JAXA FHIMZZNTIEBH TS . Japan Aerospace Exploration Agency

KEK &L — s supins : High Energy Accelerator Research Organization

NARO 3. & e SRR AIFZERME ©  National Agriculture and Food Research
Organization

NIMS W& - MBI AR - National Institute for Materials Science
NINS H KB RIS : National Institutes of Natural Sciences
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