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PREFACE

This report covers activities of research and development using TIARA (Takasaki lon
Accelerators for Advanced Radiation Application), an electron accelerator and Co-60
gamma-ray irradiation facilities in Takasaki Advanced Radiation Research Institute, JAEA,
from April 2012 to March 2013.

This annual report contains 164 papers in the following research fields:

1) Space, Nuclear and Energy Engineering,

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

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

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

In the field of Environmental Conservation and Resource Exploitation, radiation grafting
technique using electron beams was used to develop fibrous catalysts producing biodiesel
fuels as well as adsorbents removing radioactive Cs ions in water. Using the latter material,
water purifier was fabricated and its high performance on Cs removal was demonstrated.
Improvement of thermal and mechanical properties of various biodegradable polymers has
been studied with radiation crosslinking technique for their industrial applications.
Experimental and theoretical investigations of wastewater treatment due to gamma-ray
irradiation showed that ionizing radiation was quite useful for decomposition of chlorinated
antibiotics in water. Hydro-gels produced by crosslinking of hydroxypropyl cellulose were
investigated to be effective for immobilizing denitrifying bacteria useful for environmental

purification.
In the field of Medical and Biotechnological Application, radiation sensitivity of higher
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plants and microorganisms has been investigated and new knowledge was provided.
Obvious gamma-ray sensitivity was found in the seeds of flavonoid-less mutants in
Arabidopsis, meanwhile grown-medium dependent increase of survival was observed in
E.coli cells. Radiation-induced bystander effects on normal human lung fibroblasts were
investigated. Following co-culture between irradiated cells and non-irradiated cells for 24 h,
non-irradiated bystander cells were cultured for 14 days to count colonies formed.
The dose-response curve of carbon ions (LET=108 keV/um) was similar to that of y-rays
(0.2 keV/um), indicating that radiation-induced bystander cell-killing effect is independent
of LET. On the other hand, the ion microbeam analysis with particle-induced
X-ray/Gamma-ray emission (micro-PIXE/PIGE) system for elemental mapping of
bio-medical samples was widely utilized to study about the risk of cigarette smoking,
Gadolinium neutron capture therapy, participation to the pulmonary alveolar proteinosis of
asbestos suction, functions of plant tissue and so on. In order to expand the potential for
cancer diagnosis and therapy using radionuclides, generating a radio-peptide drug for
targeting oncoprotein such as the human epidermal growth factor receptor type 2 (Her2), was
investigated. A new labeling technique for radiohalogenating of peptide has been
successfully developed to synthesize the F(p-***1)MARSGL, which is a radioiodinated linear
peptide consisting of six amino acids as an anti-Her2 peptide. The radionuclides are also
applied to the plant studies on plant functions, absorption of various nutrients and pollutants
from the environment, which is crucial for the human society. New experimental methods
were developed for production of a *N-labeled N, gas tracer with high radioactivity, for
analysis of cadmium transport in a whole plant body, and for live-imaging of radiocesium
movement using a specially-designed gamma camera. The ion beam breeding has been
applied for many kinds of plants and microorganisms such as chrysanthemum, rice, poplar,
and entomopathogenic fungi to obtain new useful varieties. A candidate gene was identified
for high ethyle caproate production in the sake yeast generated by the ion beam breeding.
Study on mutational effect of carbon ion beams in Arabidopsis suggested that the frequency of
large DNA deletions is affected by LET.

In the field of Advanced Materials and Analysis, applying ion- or electron-irradiation
effect leads to creation of various materials such as Gasochromic MoQOj3 film, protein or
polyvinylpyrrolidone nanowire/fiber, Platinum nanoparticles, SiC membrane/nanotubes,
Zeolite membrane, PMMA, fluoropolymer, SU-8 and UV curable resin with micro structures.
Analyses of characteristics of various materials with and without irradiation were performed
using conventional methods, photospectrometry (PL, CL), microscopy (TEM, AFM, MFM,
and ESR) and radiation-applied analysis, e.g. PIGE, ILUMIS, EELS, AICM, XRD,
XMCD-PEEM, positron annihilation spectroscopy, and SPM. As for the Novel Technology,
radiation chemistry studies on radiolysis of water or organics were carried out using
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continuous or pulsed MeV heavy ion beams. Different kinds of radiation measurements
were also studied on the basis of TOF method, wall-less TE proportional counter, fluorescent
screen, and CR-39 detector. Characteristics of rock-salt, ice, PMMA, Gafchromic film,
CVD diamond film, and scintillator were examined as new detectors. The fundamental
studies on the interaction between MeV/atom cluster ions and target materials for C,-Cgo Were
performed on the basis of the measurement of secondary ions/electrons or luminescence
emitted from materials, and theoretical estimation of energy deposition/loss. Technical
developments at AVF cyclotron for single-hit irradiation and wide uniform irradiation were in
progress besides quick beam change for microbeam and phase bunching analysis for higher
quality of beams. Development of a compact focusing system for 300 keV gaseous ion
microbeam and microwave ion source with long-life was also in progress as off-line
experiments.

About the Status of Irradiation Facilities, all the accelerators in TIARA, the AVF
cyclotron, the 3-MV tandem accelerator, the 3-MV single ended accelerator and the 400-kV
ion implanter, were operated steadily and safely as well as MeV-electron and Co-60
gamma-ray irradiation facilities. Total operation times of the tandem accelerator, the
single-ended accelerator and the ion implanter were 38,671, 44,064 and 34,305 hours,
respectively, since the beginning of their operation. The total number of experiments made
by various users using the AVF cyclotron was 9,788 from the first beam extraction in 1991 to
March 2013, as a result of continuous efforts such as regular maintenance and trouble
shooting.

Masao Tamada,
Director General

Takasaki Advanced Radiation Research Institute
Japan Atomic Energy Agency
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Radiation Tolerance of New Coverglass

for Space Solar Sheet

K. Shimazaki®, Y. Kobayashi®, M. Takahashi”, M. Imaizumi®,
S. Sato” and T. Ohshima®

a)Aerospace Research and Development Directorate, JAXA,
Y Environment and Industrial Materials Research Division, QuBS, JAEA

Space (SSS) being

development is a quite unique and Japan’s original devise

for generating electricity in space .

solar sheet currently under
There are two kinds of
SSS: one is a film-type SSS using transparent polymer film
and the other is glass-type SSS (G-SSS) using a coverglass.
Space solar sheet basically possesses 15 paper-like I1I-V
multi-junction solar cells connected in five series and three
parallel rows. The cells are laminated with the transparent
To realize G-SSS, features of

flexibility, toughness (not crack easily) and high radiation

polymer film or coverglass.
tolerance are inevitably required for the coverglass.
Optical degradation of the coverglass caused by space
radiation is particularly important since it decreases the
amount of transmitted sunlight falling on solar cells and
degrades the cell output power. Hence, we evaluated a
radiation tolerance of a new coverglass for G-SSS.

Space radiations are omnidirectional charged particles
and have energies that range from near-zero up to several
hundred million electron volts. However, the present
ground tests are different from the actual space radiation
Ground

monoenergetic and normal incident charged particles. For

environment. tests usually utilize the
simulating the same level of degradation as the actual space
radiation environment, we calculated the energies deposited
in the sample using PHITS (Particle and Heavy Ion

2,3)

Transport code System) The interest sample was a new

coverglass with 50 pm thickness. Figure 1 illustrates the
calculated depth profiles of the deposited energies by space
radiations and ground-based monoenergetic irradiations.
The assumed space environments and conditions were
low-earth orbit for 5 years and geostationary orbit for
10 years.
because its electron completely penetrates the sample.

The 1-MeV electron was selected for ground test

Calculation results show that the required fluences of
1-MeV electron were approximately 2 x 10" and 2 x
10'® e/cm? for simulating the degradation due to space
radiation at Low Earth Orbit (LEO) and Geostationary Orbit
(GEO).

Figure 2 depicts the results of irradiation tests. Changes
in transmittance due to the irradiations were evaluated as an
effective transmittance which corresponded to the relative
changes in calculated short-circuit current of the solar cells.
The remaining factors of effective transmittance of the
coverglass were 98% and 97% at fluences of 2x 10" and
2x 10" e/cm’.

saturated as the

The degradation behavior seems to be
In addition, the
coverglass showed same degree of the degradation between

fluence increases.

LEO and GEO conditions although the total dose of GEO
was larger than that of LEO by two orders of magnitude.
It is expected that the optical properties of the coverglass is
stable at different The
transmittance loss of the coverglass will be only 3% when it
These
results demonstrate the developed coverglass exhibit an

radiation  environment.

is utilized on geostationary orbit for 10 years.

excellent performance in space and has a high potential for
applying to G-SSS.
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Proton Induced Degradation of Triple Junction

Amorphous Silicon Thin Film Solar Cells

S. Sato and T. Ohshima

Environment and Industrial Materials Research Division, QuBS, JAEA

I. Introduction

Amorphous silicon (a-Si) thin film solar cells are one of
the major candidates for flexible space solar cells, since it is
known they have not only good radiation tolerance, but also
many distinct advantages: high specific power, high

flexibility, ruggedness, and tight rollup feature for stowage?.

Additionally, they also have the potential for reductions of
both cost and stowage volume. Recently, the specific
power of 1200 W/kg has been attained by triple-junction
(TJ) amorphous silicon alloy solar cells using roll-to-roll
processing 2. However, systematic knowledge of the
radiation degradation of a-Si solar cells is still insufficient
compared to other types of solar cells, such as crystalline Si
and I11-V compounds.

I1. Experimental

Samples used in this study were a-Si/a-SiygGeg,/
a-SiggGeps TJ solar cells. Proton irradiation was
performed at TIARA. Current-voltage (I-V) characteristics
under air mass zero (AMO0), 1 sun light illumination were
measured in-situ in an irradiation chamber. In this study,
proton beam flux, temperature during irradiation, and
elapsed time between irradiation and measurement were
carefully controlled in order to compare the degradation
behavior accurately. The proton beam flux and the
irradiation temperature were 1.4 x 10 cm?s™ and 298 K,
respectively, and the I-V measurement was done 1 minute
after irradiation was stopped. The cells were kept under
dark conditions except when the I-V measurement was
performed.

I11. Results and Discussion

Figure 1 shows short-circuit current (Isc) variations of
the cells as a function of proton fluence (degradation curve).
The degradation of Isc was larger as the proton energy was
lower, except the results of 10 keV and 20 keV proton
irradiations. Protons with energies of 10 keV and 20 keV
stop in the top (a-Si) and middle (a-SiggGey,) subcells
respectively and deposit all of their energies in the cell.
However, their proton energy itself was less than 40 keV
and thus, their induced damage was also lower.

Figure 2 shows the degradation curves of Isc which are
scaled using the displacement damage dose (DDD). DDD
is defined as the product of NIEL® (Non-lonizing Energy
Loss, MeV-cm?g) and the proton fluence. In order to
consider the deposited energy distribution as a function of
depth in the device structure, NIEL per unit depth was
calculated using TRIM code and the average value in the
whole region of the cell was used. The result clearly show

that a universal curve is drawn using DDD scaling,
indicating that the degradation is mainly attributed to the
displacement damage effect, which is the same mechanism
as the degradation of crystalline silicon solar cells and is
very different from the light-induced degradation so
commonly occurring in a-Si solar cells®.

We would like to thank Dr. Kevin Beernink of United
Solar Ovonic LLC for fabricating the samples.

References

1) S. G. Bailey et al., Proc. 34th IEEE PVSC (2009)
001909-13.

2) A. Banerjee et al., Proc. 34th IEEE PVSC (2009)
002651-55.

3) L Junetal, IEEE Trans. Nucl. Sci. 50 (2003) 1924-28.

4) D. L. Staebler et al., Appl. Phys. Lett. 31 (1977) 292-4.

o B SRR
08 AN

JAN

__|Proton Energy <\\ \

—o— 10 MeV
|—e—2MeV

—2—200 keV
—v— 80 keV

Normalized Isc
o o o
(o)) ~
T
-
L
—
-
e

0511 o sokev \ \ &
04|/~ kv v
) —>— 10 keV
0.3 i l/,.r....; PETIRTTTY EERPEETITY BETEARTITY BEETATTIT ST,
0 10° 10" 10 120° 10 120°
Proton Fluence (cm?)

Fig. 1 Degradation of Isc due to proton irradiation.
The ordinate axis is normalized by the value before
irradiation.

10— ==
0.9 B

208 X

3 0.7 || Proton Energy \

= —0—10 MeV \ b

g |—e—2MeV \

S —2—200keV

| _|—v—80keV
: —o— 40 keV >

o o
ga o
T
—
/

—«—20keV
04 —>—10keV )\
0.3 —pui ; T
0 100 10° 10" 10% 10° 10
Displacement Damage Dose (MeV/g)

Fig. 2 Displacement damage dose (DDD) scaling for the
degradation curves of Isc.



JAEA-Review 2013-059

1-03

Applicability of the Improved Radiation Hardness

Techniques for Angle Irradiation in DICE Latches on a
65 nm Bulk CMOS Process

A. Marua), H. Shindoua), S. Kuboyamaa), T. Tamuraa), H. Abe® and T. Ohshima®

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

Recently, due to the requirements for higher density
integration and device scaling, logical circuits have been
fabricated with the process technologies less than 100 nm.
Single-Event Upset (SEU) and Single-Event Transient
(SET) phenomena are considered serious problems for those
integrated circuits, because their supply voltage and the
threshold to the phenomena are also decreasing. It was
reported that Dual Interlocked Storage Cell (DICE) circuit is
the hardened topology against SEUP?. The DICE circuit
keeps data using two memory nodes, and if data inversion
occurs by incident particles on the one hand memory node,
the correct data is rewritten by the other hand memory node.
Therefore, DICE circuit has excellent radiation tolerance.
However, in highly integrated circuits, it was found that two
neighboring transistors were simultaneously inverted by an
incident particle due to the charge sharing mechanism ™.
Therefore, it is important for the design of highly integrated
DICE circuits used in space to estimate the extent of the
charge sharing.

In the past study®, we evaluated the effectiveness of the
Radiation Hardness By Design (RHBD) approach for 90 nm
CMOS process, by using heavy ions from AVF cyclotron at
JAEA. The DICE memory test circuit was fabricated by
using 90 nm bulk CMOS process and the angled irradiation
testing was performed with this circuit. As a result, SEUs
were observed in the DICE memory circuit when heavy ions
were irradiated with grazing angles. This result can be
explained by the simultaneous inversion of a critical
transistor pair which triggers SEU in the DICE memory.
Due to the penetration of a single heavy ion into the critical
transistor pair, SEUs were observed in the previous
experiments. To mitigate this, we proposed three node

DICE circuits. Figure 1 shows a schematic diagram of our

| Extra p-type Transistors

CKet

designed three node DICE circuit. Extra p-type transistors

were inserted to the normal DICE circuit. In addition,
the critical three transistors were arranged so as not to align
in a straight line, and thus, a single ion could not penetrate
these critical transistors in this circuit, simultaneously.

In the latest study, we applied this technique to the 65 nm
bulk CMOS process and designed the three node DICE
circuits. The layout designing indicates an advantage of
the circuits area compared with the same circuits on the 90
nm bulk CMOS process: Higher integrated devices used for
space are expected to be fabricated by using the 65 nm
CMOS process.

area.

Table 1 shows a comparison of the circuit

The test samples, which were fabricated by using Taiwan
Semiconductor Manufacturing Company (TSMC), were
evaluated by using heavy ions with LET of 34 ~
68.8 MeV/(mg/cm?). The results indicated that the test
circuits exhibited almost the same single event tolerance
compared to the circuits fabricated on the 90 nm bulk
CMOS process. Therefore, the 65 nm bulk CMOS process
is found to be applied to the devices used for space.
However, some SEUs were still observed in the three node
DICE circuit.
tolerance by modifying transistor layout.

There is the possibility to improve SEU
We continue
evaluating newly developed DICE circuits, and will modify
the transistor layout in next stage.

References
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3) A. Amusan, et al., IEEE Trans. Nucl. Sci. 53 (2006) 3253.
4) A. Maru et al., IEEE Trans. Nucl. Sci. 57 (2010) 3602.

Table 1 Comparison of the circuit area for the
conventional DICE and the three node DICE
circuits.

Circuit name 90 nm 65 nm
DICE 53.40[um’]  19.44[um’]
Three node DICE ~ 70.71[um’]  46.08[um’]

Fig. 1

Schematic diagram of three node DICE memory cell.
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When a semiconductor device is irradiated with a high
energy particle, originated from a cosmic ray, electron-hole
pairs are generated along its track due to energy
consumption of the particle and flow to the circuit, resulting
in a soft error. In recent years, a size of a semiconductor
device is shrunk for low power consumption and high speed
operation. Therefore the amount of charge which induces
soft errors (critical charge) for an advanced device has
decreased as compared with that for a conventional device.
A silicon-on-insulator (SOI) device can suppress the soft
errors. Because an active region of the SOI device is
separated from a substrate by a buried oxide (BOX) layer,
the small amount of charge is generated by the high energy
particle in the active region of the SOI device. However
the soft errors occur by a floating body effect in the partially
depleted (PD) SOI device with the electrically floated active
region from the substrate, even if the amount of the
generated charge in the SOI body is less than the critical
charge. When the electron-hole pairs are generated in the
SOl body of an n-channel Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET), the generated electrons
move to the source and drain electrodes and the generated
holes move to the neutral region at the bottom of the SOI
body. The accumulated holes at the neutral region increase
the body potential of the SOl MOSFET, resulting in the
abnormal drain current and the soft error. The body-tie
structure was invented to suppress the floating body effect,
in which the highly doped p-type region is fabricated at the
bottom side of the active region of the n-channel SOI
MOSFET and connects to the ground potential. The
accumulated holes can be retrieved through the highly doped
p-type region and the body electrode. In this study, the
influence of the amount of the generated charge on the soft
error rates (SERs) in the body-tie SOI Static Random Access
Memories (SRAMS) are investigated by various ion probes
to clarify the effect of the floating body on the soft error.

In order to generate the various amounts of charge, the
SOl SRAM with body-tie structure was irradiated with H,
He, Li, Be, C, and O, accelerated up to a few tens of MeV
by the tandem accelerator. The thicknesses of SOI and
BOX layers are 75 nm and 145 nm, respectively. The
critical charge of the experimental PD SOl SRAM with a
technology node of 90 nm was 1.8 fC. The number of the
incident particles to SOl SRAM is counted by a solid state
detector (SSD) before and after ion irradiation. The less
number of particles than the number of SRAM cells were

used to avoid multi hits to the single SRAM cell. The
generated charge in the SOI layer was calculated by The
Stopping and Range of lons in Matter (SRIM) simulator?.

Figure 1 shows SERs as a function of the generated
charge in the SOI body by H, He, Li, Be, C and O ion
probes. SERs in the SOl SRAM increased with increasing
the amount of generated charge below the critical charge.
These errors were induced by the floating body effect.
SERs which occurred at the amount of the generated charge
exceeds the critical charge were almost constant. These
errors were induced by the flowed charge and the floating
body effect.

The amount of generated charge in the SOI body depends
on the kind and energy of the incident particles. Therefore,
it is necessary to make measures according to the expected
incident particles for realizing the soft-error-free PD SOI
devices.

Reference
1) J. Ziegler, The Stopping and Range of lons in Matter
(SRIM2008) <http://www.srim.org>.
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Fig. 1 SERs as a function of amount of the generated
charge in the SOI body by using H, He, Li, Be, C and O
ion probes for 90 nm node PD SOI-SRAM. The
vertical dotted line shows the critical charge of 1.8 fC.
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The development of semiconductor devices, which can
operate in a radiation-harsh environment, is extensively
taking place in a global context. This has been driven by
multiple factors, including the high-energy particle
accelerators and artificial satellites. Moreover, in the frame
of high mobility substrates, new channel materials and/or
promising methods to create strained channels are
required*?. In line with this, we have investigated the
degradation of the device performances of Si;,Ge, S/D
(source/drain) p-channel metal oxide semiconductor field
effect transistors (p-MOSFETS) irradiated electrons. The
purpose of this study is to investigate Ge content
dependence on radiation damage of Si;,Ge, S/D
p-MOSFETSs.

Si;Ge, (x =0, 0.3 and 0.35) S/D p-MOSFETs were
fabricated at interuniversity microelectronics center (imec)
at Belgium. The Siy,Ge, S/D region depth of x = 0.3 and
0.35 samples is 40 nm, and gate length and gate width of all
samples are 0.25 ym and 10 um.  Subsequently, these were
irradiated by 2-MeV electrons for a fluence of 1x 10 and
5 x 10Y e/fcm® at room temperature, using the electron
accelerator at Takasaki Advanced Radiation Research
Institute, JAEA. Before and after electron irradiation,
input (Ips-Ves) characteristic was measured with a drain
voltage at -25 mV and gate voltages ranging from -1.2 to
0.5V, enabling to estimate the hole-mobility®.

Before irradiation, the drain current increases with
increasing Ge content.  After irradiation, the drain current

decreases with increasing electron fluence for all Ge content.

Figure 1 shows the Ge content dependence of the maximum
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Fig. 1 Hole-mobility before and after electron irradiated
Si;Ge,-S/D p- MOSFETs as a function of the Ge
content.
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hole mobility before and after electron irradiation. The
hole mobility enhancement effect by SiGe stressor is clearly
observed by x =0.3 and 0.35 samples before irradiation.
These results indicate that the change of the drain current
with Ge content can be mainly attributed to the increase of
the hole mobility due to the compressive strain in the
Si-channel.  After electron irradiation, the hole mobility
decreases with increasing electron fluence for all Ge content.
This result suggests that the lattice defects are introduced by
electron irradiation in the Si channel.

The damage factor of maximum hole mobility
(DF = W max-after/ 1t max-before; WNET® L maxvefore AN 14 max-after are
the maximum hole mobility in before and after electron
irradiation) was summarized in Fig. 2 as a function of the Ge
content. The damage factor decreases with increasing
electron fluence for all Ge content. Moreover, Ge content
dependence in the damage factor does not observed. It also
indicates that the degradation of hole mobility by electron
irradiation does not corresponds to compressive strain in the
channel.
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Silicon carbide (SiC) are regarded as a promising
candidate for a material of electronic devices requiring high
radiation tolerance (rad-hard devices).  Some results
indicate that electronic devices fabricated with SiC have a
superior radiation tolerance from the point of view of Total
lonizing Dose effects (TIDs)*®. For the development of
rad-hard SiC devices, it is necessary to understand the
response of their performance when dense charge is
generated in them by an incident ion, resulting in Single
Event Effects (SEEs). Silicon carbide can endure an
electric field about eight times greater than silicon or GaAs
before exhibiting avalanche breakdown. High breakdown
electric fields allow for very high-voltage, high-power
devices. Permanent malfunctions can be induced in power
devices by SEEs, and the probability of SEEs increases with
increasing electric field in the device. Since the electric
field in SiC power devices must be higher than in Si power
devices, it is very important to elaborate the SEEs in SiC
devices. Recently, several Schottky Barrier Diodes (SBDs)
have become commercially available due to the improvement
in crystalline quality. At present, experimental data for
understanding the exact mechanisms of SEEs in SiC-SBDs
are very scarce and Single Event Burnout (SEB) mechanisms
of SiC-SBDs have not been fully understood.

In this study, heavy-ion induced charge collection is
demonstrated for thick epi-layer. To reveal SEB
mechanisms, the applied bias dependence of the charge
collection in SiC-SBDs has been investigated here.

SiC-SBDs used in this study were fabricated on an n-type
4H-SiC epi-layer. The thickness of the epi-layer is 30 um.
A molybdenum (Mo) contact with a thickness of 50 nm was
used as the anode of SiC-SBD. The bonding pad on the
Mo-contact was made of Al (2 um thick). The bonding
pad area is 1 mm? We measured the collected charge
induced by heavy ions in SiC-SBD from its cathode.
SiC-SBD was mounted on a chip carrier with two strip-lines
with short bonding wires. The anode was grounded and
the cathode biased from +100 V to +1,000 V with 50 V to
200 V steps by a high-voltage supply via a charge-sensitive
preamplifier (ORTEC Model 142C). Collected charge
signals from the pre-amplifier were analyzed by a
Pulse-Height  Analyzer (PHA). The pulse-height
distribution analyzed by PHA basically corresponds to the
collected charge distribution.

Figure 1 shows the collected charge spectra from
SiC-SBD at different bias conditions. The vertical axes are
ion induced pulse generation cross-section. The horizontal
axis corresponds to the collected charge. Normally the
collected charge spectrum might have a mono-peak similar
to that found in a Si-SSD spectrum.  In fact, an ion-induced
mono-peak in SiC-SBD was observed in a previous study®.

However, here two major peaks under bias conditions higher
than 300 V are observed as shown in Fig. 1. The first peak
exists at a value of 6.2 pC in every bias condition. The first
peak increases with the reverse bias applied to the cathode,
and finally saturates, because the depletion width in the
epi-layer increases with the reverse bias and finally saturates.
The upper limit of the first peak (6.2 pC) corresponds to the
fully-stopped 300 MeV of Kr ion induced charge in 4H-SiC.
Here, the mean electron-hole pair creation energy is 7.8 eV in
4H-SiC, while the second peaks are observed as anomalous
charge collection beyond 6.2 pC.

Anomalous collected charge peaks (2nd peaks) has been
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Fig. 1 Collected charge spectra from the SiC-SBD®.

observed for the first time®. Previous results suggest that the
high electric-field induced by incident ion on SiC-SBD may
be a possible reason for the charge enhancement. The higher
electric-field may enhance the ion-induced charge due to
impact ionization and/or the trap assisted tunneling.
However, from these results, we cannot identify the
mechanisms of the anomalous charge collection. Therefore,
more studies are needed in order to reveal the effective
parameter for the anomalous charge collection on SiC-SBD,
since an increase of the collected charge may trigger SEB in
any devices whatever the charge collection mechanism.
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In the silicon carbide (SiC) trench-gate metal-oxide-
semiconductor field-effect transistors (MOS-FETSs) which is
fabricated on the 4H-SiC(0001) substrate, a (11-20) face is
used as a sidewall of the trench-gate (Fig. 1). Recent years,
a high channel mobility was obtained on (11-20) face
compared with (0001) face. The channel mobility is
degraded by the defects which exist at the interface between
gate oxide film and the SiC substrate. ~As the component of
the gate oxide film is amorphous SiO, (a-SiO,), we have
developed large-scale simulation techniques of a-SiO,/SiC
interface for investigation of MOS-FETs and successfully
obtained the theoretical a-SiO,/4H-SiC(0001) interfacial
model (Si-face model)?. In this work, to determine the
reason for a high channel mobility at the interface between
the a-SiO, layers and the 4H-SiC(11-20) substrate, we
generated the theoretical a-SiO,/4H-SiC(11-20) interfacial
model (A-face model) with the computer simulation and
compared the atomic and the electronic structure of the
A-face model with those of the Si-face model.

The heating and the quenching method was used for the
generation of A-face model?. In the atomic structure
model before heating (initial model), the B crystal was
connected on 4H-SiC(11-20) substrate.  The obtained
A-face model had an abrupt interface. The theoretical data
from the analysis of the radial distribution function (RDF) of
a-SiO, layers were corresponding to the experimental data
of the silica (Fig. 2), and therefore the SiO, layers had an
excellent amorphous structure. On the other hand, the
band gap energy which had been derived from the density of
states (DOS) of the
A-face model was 3.6 eV,
which is larger than
3.2 eV known as an
experimental data of the
band gap energy of
4H-SiC  crystal. To
obtain an accurate band
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Fig. 1 Schematic cross section
of trench-gate MOSFET.
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Fig. 2 RDF spectrum of the a-SiO, layers of A-face
model. (In the experimental data of silica, Si-O bond
length, O-Si-O bond angle and Si-O-Si bond angle are
0.165 nm, 109.5 deg and 145+10 deg, respectively.)

gap energy, we tried to stabilize the electronic structure of
the entire A-face model by increasing the thickness of the
SiC layers from five layers to eight layers. As a result, a
band gap energy of 3.3 eV, which is almost equal to the
experimental data, was successfully obtained. The defect
levels which had been observed from the electronic structure
of improved theoretical A-face model were not quite
different from those obtained from the past analysis of
Si-face model.

The A-face model with rough interface (rA-face model)
was generated after the heating and quenching process using
the modified initial model. In the modified initial model,
to make interatomic reaction actively during the heating and
quenching process, additional O was arranged next to the
dangling-bond of C at the interface. In the generated
rA-face model, C-C bond and a lot of other defects appeared
in the band gap (Fig. 3). The energy levels of the defects
were almost equal to those which had been obtained from
the Si-face model with rough interface (rSi-face model).
Some of the defect levels appeared in the rSi-face model,
however, were not generated in rA-face model. Those
defect levels were mainly generated from interfacial Si.
Especially, in rSi-face model, the defect level, which is
originated in the expanding Si-C bond at the interface,
generated with Si in the SiC layer decreases the channel
mobility very much because the defect has energy level just
below the conduction band of 4H-SiC. On the other hand,
in rA-face model, it is considered that the distortion of the
defect is reduced easily compared with the case of rSi-face
model since Si-C bond is on the surface of the SiC layer.
Therefore, the defect level did not appear in the band gap in
rA-face model. It is suggested that the cause of high
mobility on 4H-SiC(11-20) is a lack of this defect level.
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Three hundred eighty keV proton irradiation effects on GaN-based light emitting device (LED) were investigated by

characterizing two-terminal resistance of p- and n-contacts on both types of layers in LED wafer.

After the proton

irradiation, in the range of 1 x 10*-1 x 10%® cm2, two-terminal resistance on n-layer kept its initial value. On the other hand,
the p-layer showed the drastic increase in resistance, indicating hole traps were introduced in GaN. The results suggest that
the radiation effects on GaN-based device is mainly governed by introduction of the hole traps.
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1. Introduction

Ferroelectric Random Access Memory (FRAM) attracts
notice as a superior radiation tolerant device in aerospace
field. In micro-satellite field, although the various
challenging missions are performed by universities,
companies etc., even now new type microprocessors such as
FRAM built-in processors are not utilized due to limited
radiation tolerance data and no previous actual operation
achievements in space environment. The authors
investigate radiation tolerance of commonly used
microprocessor with conventional memory, PIC16F877A
(PIC) and new type microprocessor with FRAM,
MSP430FR5739 (MSP) to evaluate whether the FRAM
built-in micro- processors can be used in the micro satellites.
2. Experimental

Table 1 shows a device property of processors under the
irradiation experiment. In the experiment, heavy ions were
irradiated by using JAEA facility, the AVF cyclotron of the
Takasaki lon Accelerations for advanced Radiation
Application (TIARA). The heavy ions irradiated to the PIC

were 150 MeV-*Ar®*, 322 MeV-#Kr'"™* and 454 MeV-12%Xe?*,

Those irradiated to the MSP were 75 MeV-2"Ne*,
150 MeV-CAr*, 322 MeV-*Kr'™ and 454 MeV-"Xe®".
To evaluate their radiation tolerance, the single event upsets
(SEUs) were counted after ion irradiation, and the SEU
cross section of each device was calculated. The Linear
Energy Transfer (LET) dependence of the SEU cross section
oni(L) (cm?bit) is derived from the equation:
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Fig. 1 Relationship between SEU cross-section and LET
by irradiating “°Ar®*, 84Kr'™ and ?*Xe®* ions toward
PIC16F877A.

where o;and Ly, are a saturated cross section and a threshold
LET, respectively. W and s are the constants determining
the shape of Weibull function. The LETs of the used
heavy ions were obtained by SRIM software.
3. Results and Discussion

LET-SEU cross section relationships for the PIC and
MSP are shown in Figs. 1 and 2, respectively. According
to the results, the saturated cross section of MSP is
approximately 102 smaller than that of PIC, and the
threshold LET of MSP is approximately 1/2 of that of PIC.

The SEU frequencies of the both devices on the planned
orbit (400 km altitude, 65 degrees inclination) were
evaluated by the online software, CREME 96Y. The
frequencies of the PIC and MSP were 2.33 x 107
SEUs/bit/day and 3.40 x 10° SEUs/bit/day, respectively.
It was confirmed that the SEU frequency of the MSP is 107
smaller than that of PIC. According to SEU simulation on
the planned orbit, FRAM microprocessors were shown to
have high radiation tolerance sufficient for actual space
application.

Reference
1) A.J. Tylkaetal., IEEE Trans. Nucl. Sci. 44 (1997) 2150.

Table 1 Device property of PIC and MSP.

Device PIC MSP
Voltage (V) 5 3.3
Observed Data _
buffer (byte) 256 64
SRAM and
Memory type EEPROM FRAM
10" p————————
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Fig. 2 Relationship between SEU cross-section and LET
by irradiating 2°Ne**, “°Ar®", #¥Kr'™ and *°Xe®* ions
toward MSP430FR5739.
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Magnetic tunnel junctions or MTJs are investigated in terms of their tolerance to radiation.

The MTJ is a non-volatile

digital memory device, which is programmable between high and low resistance states, playing a key role in spintronics, i.e.,

an emerging semiconductor device technology that utilizes the spin of the electron.

Tested structure is a

perpendicular-anisotropy MTJ that consists of CoFeB ferromagnetic metals and an ultra-thin MgO insulator, initialized to the

low resistance condition before irradiation.

It exhibits no resistance change after irradiation by 15-MeV Si ions.

It is also

demonstrated that constant bias voltage fed to the sample during the Si irradiation has no influence on the radiation tolerance.
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Ion Beam Induced Luminescence (IBIL) from Diamond

Induced by Various Single Ion with High Energy

S. Onoda, H. Abe, T. Makino and T. Ohshima

Environment and Industrial Materials Research Division, QuBS, JAEA

When a high energy heavy ion strikes a semiconductor
device, the destructive or non-destructive events occur. To
identify the sensitive region of device, a single ion
irradiation and mapping techniques are required. For this
aim, we are developing the Ion Photon Emission
Microscopy (IPEM) system. To observe a map of sensitive
region by using IPEM, the position where an ion strikes a
scintillator placed over a device is recorded together with
the ion induced event detected by a semiconductor device.
Since the spatial resolution is determined by the spot size of
the Ion Beam Induced Luminescence (IBIL), the scintillator
is one of the most important parts of [IPEM. Branson et al.
suggested that YAG:Ce is the most promising candidate for
IPEM scintillator V.
proposed a diamond containing dense Nitrogen-Vacancy
(NV) centers as a scintillator with high spatial resolution?.
On the other hand, it is required that the scintillator is able to
In this
report, we will show the results of the high energy ion

In the previous report, however, we

detect the wide variety of ion species and energies.

irradiation to the diamond containing NV centers.

The sample is created by following procedure. First, we
prepare the type Ib High Presser High Temperature (HPHT)
single crystal diamond, which contains dense Nitrogen (N)
The shape of HPHT diamond is sphere. Its

diameter is about 1 mm. Next, the electron irradiation with

impurities.
the energy of 2 MeV is carried out. During electron
irradiation, dense vacancies are created. The subsequent
annealing at 1,000 °C in vacuum for 2 hours is performed, in
order to combine N with vacancy. Finally we observe the
diamond containing NV centers. Its color is changed to
pink. The uniformity of NV centers is confirmed by

Ultra-Violet (UV) light illumination as shown in Fig. 1.

(a) As grown diamonds
(Nitrogen is contained)

(b) e irradiation & annealing
(NV centers are contained)

Fig. 1 Photograph of type Ib HPHT single crystal before
electron irradiation (a) and after electron irradiation with
subsequent annealing (b). The diamonds are illuminated
by UV light with the wavelength of 254 nm.

After the diamond is mounted on the sample holder of
IPEM system, Nitrogen (N), Neon (Ne), Argon (Ar),
Krypton (Kr), and Xenon (Xe) with the energies of 56, 75,
150, 322 and 454 MeV are irradiated to the diamond
containing NV centers. The luminescence from the
diamond is detected by the GaAsP Image Intensifier (I.I.)
(Hamamatsu, C8600) and the cooled Charge Coupled
Device (CCD) camera (Hamamatsu, C4880-50-26A). The
Quantum Efficiencies (QEs) of these detectors (the sensitive
wavelength is ranging from 350 to 750 nm) match the IBIL
emission spectrum from NV centers (the luminescence
wavelength is ranging from 550 to 800 nm).

Typical CCD images are shown in Fig. 2. The dashed
It is found that the
In this study we

circles highlight the ion induced spots.
spots are detected for all cases.

successfully demonstrate that the diamond containing NV
centers can be used to detect a wide variety of ion species
and energies. It is debatable whether the spot size and
intensity of IBIL depends on the ion species and energies.
According to these results, we therefore conclude that a
diamond containing NV centers is a rival candidate of a

YAG:Ce for IPEM scintillator applications.
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Ar-150MeV/ Kr-322MeV Xe-454MeV

Fig. 2 CCD images when various ions with various
energies penetrate the diamond.
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Fabrication of Strongly Coupled Pair of NV Centers in

Diamond by Ion Implantation
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Negatively charged nitrogen-vacancy (NV™) centers in
diamond consists of a substitutional nitrogen with a vacancy
at an adjacent lattice site and have an S=1 ground state.
Unique properties such as long coherence time (73), optical
readout and optical preparation make NV~ centers promising
for solid-state quantum information devices operated at
room temperature (RT). An array of NV~ centers coupled
coherently through dipole-dipole interaction between each
neighboring NV~ centers is a promising architecture of
scalable solid-state quantum register, in which single qubit
rotation gates and two-qubit CNOT gates comprise a
universal set. In the present work, we demonstrate a
fabrication of strongly coupled pair of NV~ centers with
long T, which is prerequisite for 2-qubit CNOT gate of high
fidelity.

High-purity, 99.998% '2C enriched single-crystal (SC)
CVD diamond was co-implanted with 20 keV N, ion (2.5 %
107 /em?) and 20 keV '>C" ion (1.4%10'"/cm?) at RT and
subsequently annealed at 1,000 °C for 2 h in vacuum. The
scanning CFM (confocal microscopy), ODMR (optically
detected magnetic resonance) and pulsed ODMR such as
Hahn echo decay and DEER (double electron electron
resonance) were measured at RT by using a home-built set
up of University of Ulm.

Two nitrogen implants from a 20 keV '"N," molecular
ion are located within a distance of d <20 nm (41%
After
annealing, two nitrogen atoms from a "°N," molecular ion
might form either just one "NV, or "NV =NV~ pair, or
no NV~ at all.

25 el PY—) )
; et ODMR

probability for d £ 11 nm) in diamond lattice.

- &% o * " | identificatior
 ATSAREE R ’gls- « .2 :, wr |+ v
- : = I - - . ... ‘ . L] ISNV
10 104 et L .. PO
| RS O O 15\Y- 1SNV
sit o, X
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R
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X(Um) x(um)

Fig. 1 (a) CFM map of 99.998% "“C enriched SC CVD diamond
co-implanted with °N,” and '2C” and subsequently annealed
at 1,000 °C. (b) ODMR identification of each fluorescence
spot to be either NV, or "NV~, or "NV -"NV pair. "“NV
is formed from pre-existing nitrogen impurity. Nitrogen has
two stable isotopes, "“N (I=1, natural abundance 99.63%) and
N (I=1/2, 0.37%) and ODMR can distinguish between
BNV and NV

formed from a N ion, no fluorescent spot is observed.

For an implantation site where no NV is

Table I The yield of > NV~ and "NV -"NV~ pair from "N,
(totally 156 ions) implanted in a region of 25 um x 25 pm.

|=nv- vy pair | NoNv- sy
15N,* only 62 (40%) | 1(0.6%) i1 93(60%) | O
co-implantation | 100 (64%) | 5 (3.2%) | 51(33%) | 10
............................ g g g SRS R

Each of 115 fluorescent spots in the CFM map of Fig. 1
(a) is identified by ODMR to be either '“NV, or "NV, or
NV-"*NV pair [Fig. 1 (b)]. The results are summarized in
Table 1, together with those for implantation of N," ion only.
Since the resolution of CFM is ~0.3 pum, the distances of
BNV-ENY- been obtained by DEER
measurements of the dipole-dipole interactions (Fig.2) . One

pairs have
of five pairs exhibits a strong dipole-dipole interaction (55+
1 kHz, the distance 13 nm) and both NV have long 7, (0.65
+0.10 ms, 0.63£0.10 ms, respectively, measured by Hahn
echo decay).
time and the expected gate time suggests that this pair is
suitable for demonstrating high fidelity 2-qubit CNOT gate.
It should be noted that co-implantation, novel annealing
condition and high-quality '*C-enriched SC substrate which
enable high yield and long 7, for implanted NV~ are crucial

The high ratio (~70) between the coherence

for fabricating the NV~ pair of excellent properties.

(a) (c)
0o laser [pojar.| ‘ReadL
& E microwave RN . RN NV,
a :
L microwave 5 NV,
\ e a
(b) (d) NVgasemitter . gata —fit
~090
F e 3
359: r NV, 1 085 4
1, v o
*_:'57 bl fomem ‘_,Jo W r'w' S 080 2
c \/ | ot 2 O .
Sl | | I |t 2 Voo = 55.1 kHz
2™ L NV f S
£ 53 0 20 4 6 8 100

2750 2800 2850 2900 2950 3000
Microwave frequency(MHz)

Position of the emitter m-pulse,t, (us)

Fig. 2 (a) Schematics of fabrication of dipole-coupled NV pairs

by molecular ion implantation. (b) ODMR of *NV-"NVy
(c) Pulse sequence of DEER. In the Hahn echo of
NV,, the position of © pulse of NVp is scanned. (d) The

pair.

dipolar interaction has been measured to be 55 kHz.
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1. Introduction

Mutual separation of americium (Am), curium (Cm), and
lanthanides (Ln) is important to develop the partitioning
process of high-level radioactive liquid waste (HLW),
because the different disposal methods will be proposed?.
The mutual separation of Am/Cm/Ln is quite difficult to
establish due to their very similar chemical behavior, same
oxidation state, and similar ionic radii.

We have developed various amidic ligands for the
separation of Am and Cm from HLW, as shown in Fig. 1.
These ligands can be easily synthesized by condensation of
the corresponding carboxylic acid and dialkylamine, and
tailored to have hydrophilicity and lipophilicity by using
dialkylamine having short or long alkyl chains. Recently, a
new technique using the combination of the hydrophilic and
lipophilic ligands dissolved in aqueous and organic phases
has been reported®®. This technique is very useful for the

mutual separation of Am/Cm/Ln, due to the multiplier effect.

In order to evaluate the applicability of the hydrophilic and
lipophilic ligands to the partitioning process of HLW, it is
essential to investigate radiolytic stabilities of these ligands.

2. Experimental

Several kinds of hydrophilic (C2: R=C,Hs) and lipophilic
(C6: R=n-CgHy3, C8: R=n-CgH;;, C12: R=n-CyH,s)
derivatives of diglycolamide (DGA), dioxaoctanediamide
(DOODA), and nitrilotriacetamide (NTA) were synthesized
and dissolved in water or n-dodecane. These aqueous and
organic solutions were irradiated with *°Co y-rays at an
absorbed dose rate of 5 kGy h™t.  The concentration of each
ligand before and after irradiation was determined using a
capillary gas chromatography equipped with a flame
ionization detector.

3. Results and Discussion

In order to compare the radiolytic stabilities of the amidic
ligands having different structure, the aqueous and organic
solutions of DGA, DOODA, and NTA at concentration of
0.1 M were irradiated under the same condition. The decay
curves of the concentration of each ligand dissolved in water
and n-dodecane are illustrated in Figs. 2 and 3, respectively.

The slopes of the decay curves are approximately equal
in each graph. It is suggested that the radiolytic stabilities
are not correlated with the differences in the alkyl chain
length at the amidic N and in the structure of the central
framework.
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Fig. 1 The representative amidic ligands for the separation
of minor actinides (R=alkyl).
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Fig. 2 Changes in concentrations of hydrophilic ligands
dissolved in water by y-irradiation.
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Fig. 3 Changes in concentrations of lipophilic ligands
dissolved in n-dodecane by y-irradiation.
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Characterization of Composite Adsorbent for

Minor Actinides by Micro-PIXE Method

Y. Takahatake®, M. Nakamura®, Y. Nakajima?, Y. Koma?, K. Sano®, T. Arai®,
T. Satoh® and M. Koka®

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

JAEA has been developing the extraction
chromatography technology for minor actinides (MA; Am
and Cm) recovery from spent fast reactor fuels. The
adsorbent consists of three materials; namely the adsorbent
is prepared by impregnating an extractant into the support of
porous silica particle coated with styrene-divinylbenzene
polymer as a binder (referred as SiO,-P). In some cases,
recovery rate of the target metals was found to be
insufficient, and it suggests that a part of the target metals
was retained in the adsorbents. It is supposed that mobile
phase diffuses slowly inside the adsorbent, and as a result of
repeated adsorption/elution cycles the target metals were
localized to lower their recovery rare. Analyzing metal
distribution inside the particle will bring an insight to
optimize the adsorbent structure for better separation. The
Micro-P1XE analysis enables to detect some elements inside
a particle, therefore applicability of the method to the
silica-based particle was examined.

The support of the adsorbents is made of SiO,, and it was
afraid that characteristic X-ray of Si which would be
dominant interferes detection of target metals, typically
lanthanides. At first, the adsorbent that adsorbed
neodymium as a stand-in of MA was examined in order to
confirm feasibility of analysis. Next, several adsorbents
prepared by adsorption/elution sequence were analyzed by
Micro-PIXE at TIARA.

The extractant used was N,N,N’,N’-tetra-n-octyl-
diglycolamide (TODGA). The SiO,-P is ca. 50 pum in its
diameter. Degree of cross linkage of the polymer was 15%
by controlling the ratio of duvinylbenezne to styrene when
polymerization, and amount of TODGA impregnated were
33.3 wt% of adsorbents. Neodymium was once absorbed
from the neodymium nitrate solution ([Nd]=10 mM, [H*]=

Fig. 1 The image of Micro-PIXE analysis for the
TODGA/SiO,-P adsorbent. Both width and height of
the picture are 100 pum. White color shows silicon
(principal matrix of the adsorbent), red color shows
neodymium adsorbed by complexing with TODGA.

5 M) and eluted with the 0.01M nitric acid solution for
varied time by batchwise procedure at room temperature.
The particle was fixed on a polycarbonate film and
irradiated with proton beam to obtain an image of 128 x 128.
The count ratio of Nd/Si X-ray was calculated.

Figure 1 shows the image of TODGA/SIO,-P adsorbent
with neodymium. The peak of Si was remarkable at low
energy region in the spectra obtained, and that of Nd was
successfully discriminated from that of Si. It was
confirmed that neodymium distribution on the adsorbent
was uniform after batchwise adsorption.

Figure 2 shows the relationship the count ratio of Nd/Si
as a function of elution time. Nd/Si ratio decreased with
the increase of elution time, and this suggests that diffusion
of metal complexed with TODGA is not fast and the
adsorption structure would need some improvements. The
ratios for each elution time were rather scattered especially
for 60 minutes. Therefore it is considered that the
internal micro structure of each adsorbent particle is not
uniform, and this leads to one cause of low recovery rate.
Fragmentations of absorbents were included in the
TODGA/SiO,-P adsorbents as shown in Fig. 1, and the
small fragmentations uphold comparatively less metallic
cations. By removing such fragmentations, an improved
chromatogram and better separation will be obtained.

The findings above show a certain applicability of
Micro-PIXE analysis to the composite material; inorganic
silica, heavy metals, and organic polymer, and the dispersion
of Nd/Si count ratio will be further studied in order to
establish the optimum structure of the adsorbent. Besides
analysis for depth distribution inside the adsorbent will be
pursued to confirm localization of metals.
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Fig. 2 The relationship count ratio of Nd/Si as a function
of the elution time. Nd/Si ratio was calculated with Si
and Nd counts obtained by Micro-PIXE analysis.
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Introduction

In nuclear industry, one of the most important tasks is the
management of high level radioactive wastes (HLW). It is
expected, by removal of cesium (Cs) from HLWs, that the
volume of vitrified wastes decrease because the amount of
HLWs stuffed into vitrified wastes is limited by the decay
heats of such nuclides as **'Cs and *Sr from a viewpoint of
safe disposal. In addition, the handling of HLWs would
become easier because the bulk of radioactivity of HLWs
comes from *¥'Cs and *°Sr for several hundred years after
reprocessing of spent fuels.

Metal hexacyanoferrate, MHCF, is known as an
adsorbent for selective adsorption of Cs ion in solutions.
Applications of MHCF (M =Fe, Cu or Ni) to recovery of Cs
from HLWs have been studied. Recently, we reported an
electrochemical application of MHCF for Cs recovery from
nitric acid (HNO3) solutions®?. It has been commonly
accepted that the selectivity of MHCF to Cs ions are caused
by regular lattice spaces surrounded by cyanide-bridged
metals. However, the intrinsic mechanism of Cs ion
adsorption still has not been made clear. So far, we have
revealed that synthesized FeHCF, obtained as a
charge-compensated salt (Fe"',[Fe"(CN)g]s), has much
higher Cs adsorption ability than that of commercially
purchased FeHCF, i.e., prussian blue having ideal perfect
lattice. The higher ability is attributed to the presence of
lattice defect sites®.

In this study, the influence of irradiation with
gamma-rays to MHCF having lattice defect sites on Cs
adsorption ability and stability in HNO; solutions was
investigated for application of MHCF to practical Cs
separation process.
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Fig. 1  Weight percent of Fe (filled triangle) and Cu
(opened square) to initial weight of CuHCF in HNO;
solutions after irradiation with gamma-rays.

Experimental

Irradiated sample is a mixture of MHCF and 1.0 M
HNO; solution. MHCF used in this study is as follows;
Fe'',[Fe"(CN)¢]s (FeHCF), Cu"s[Fe"'(CN)], (CuHCF),
Ni's[Fe"(CN)g], (NiHCF).

Irradiation with gamma-rays was done at the Co-60
gamma ray irradiation facilities in Takasaki Advanced
Radiation Research Institute of JAEA. Samples in glass
tubes were intermittently irradiated with gamma-rays from
1.0 x 10" Bq ®Co source at an absorbed dose rate of
10 kGy ht in air at room temperature for a maximum of
27 hours. A dose absorbed by each sample was corrected
for an electron density. Absorbed doses were calibrated by
a cellulose triacetate film dosimeter.

Results and Discussion

First, the adsorption experiment for Cs was performed
using the irradiated MHCF as the adsorbent.  The
distribution coefficients of Cs onto MHCF were constant
independent of the total absorbed dose. This indicates that
the Cs adsorption ability of MHCF was maintained under
the absorbed dose conditions (50-300 kGy).

Second, the radiolytic degradation of MHCF was
evaluated by determination of the amount of M (=Fe, Cu,
Ni) in HNO; solution, which is separated from the sample
by filtration after gamma-ray irradiation. The result for
CuHCF was shown in Fig. 1 as an example. It was found
that the weight percent of Fe and Cu in the solutions to
initial weight of CUHCF increased slightly with an increase
of the total absorbed dose. The increase was attributed to
radiolytic decomposition of CuHCF. Under the condition
in this study, the weight percent of Fe and Cu in the
solutions to initial weight of CUHCF was less than 0.05%.

From the viewpoint of usage for a long period, it suggests
that the CuHCF is fully stable. Moreover, the composition
of carbon, nitrogen and hydrogen in CuHCF is constant
independent of the total absorbed dose.
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Study on Durability of Strontium Adsorbents

against Gamma Irradiation

Y. lItoh, Y. Saitoh and T. Terunuma

Tokai Reprocessing Technology Development Center, NFCEL, JAEA

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

By treatment of co-precipitation and ultra-filtration in the
LWTF, the LLW consist of highly concentrated sodium
nitrate containing low level radioactive 137Cs and 90Sr.
Subsequently, READ-Sr adsorbents, which made from
sodium titanate and polyacrylonitrile (PAN), are used in the
90Sr removal process. However, the READ-Sr adsorbents
have some problems in the maximum adsorption capacity
and irradiation durability.

In our previous study, the distribution coefficient (Kqs)
and maximum adsorption capacity (Qmay) of Sr** for A and
X type of zeolites were investigated by batch adsorption
experiment“. It was confirmed that Kys, onto the A type
of zeolite (A51-JHP adsorbents) was nearly equal to the
READ-Sr adsorbents and the A51-JHP adsorbents had large
adsorption capacity comparing to the READ-Sr adsorbents.

In this study, durability of the A51-JHP adsorbents
against gamma-ray irradiation were investigated and
compared to the READ-Sr adsorbents.

Each A51-JHP and READ-Sr adsorbents were contacting
with simulated LLW (5 M NaNOj solution) in a vial, and
they were irradiated at room temperature with Co-60
gamma-rays at a dose rate of around 3 kGy/h. The
maximum accumulated dose of each adsorbent was around
25 MGy. After the gamma irradiation, the adsorbents
separated from the sodium nitrate solution and the
supernatant were analyzed by ICP-AES. The K s and
Qmax Of Sr onto the irradiated adsorbents were also examined
by the batch uptake experiment after washing and drying of
the adsorbents.

As shown in Fig. 1, the Kysr and Qmax 0of Sr onto the
READ-Sr adsorbents decreased with the increase of
absorbed dose. After an irradiation of 2.5 MGy, the Qax
of Sr to that of non-irradiated one was decreased to be
around 1/2. In the A51-JHP adsorbents, the Ky and Qpax
of Sr nearly kept constant even after irradiation. And also
the Qmax Of Sr was 0.65 mmol/g, the A51-JHP indicated
large adsorption capacity comparing to the READ-Sr.

Figure 2 shows SEM images of the READ-Sr adsorbents
before and after irradiation. The surface alteration such as
cracking was clearly observed after irradiation of 0.3 MGy,
and the PAN of the surface came off after irradiation of
2.5 MGy. Thus, it is considered that decrease of adsorption
capability is due to degradation of PAN in the adsorbents by
gamma radiation.

Therefore, it was confirmed that the A51-JHP adsorbents
had large adsorption capacity and durability against gamma

irradiation comparing to the READ-Sr adsorbents.
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Fig. 1 Distribution coefficient and maximum adsorption
capacity of Sr onto A51-JHP and READ-Sr
adsorbents in 5 M NaNOj; solution.

Fig. 2
READ-Sr
(1,000 times) of the sample (a), and magnified image
after irradiation : 0.3 MGy (c), 2.5 MGy (d).

SEM images of non-irradiated sample (a) of
adsorbent, (b) was magnified image
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Effect of Gamma-ray Irradiation on De-oxygenation of

Salt-containing Water by Hydrazine

T. Motooka, T. Sato and M. Yamamoto

Division of Fuels and Materials Engineering, NSED, JAEA

After the 2011 Tohoku Earthquake and Tsunami, the
cooling systems at the Fukushima Daiichi nuclear power
station failed. As an emergency measure, seawater was
poured into the spent fuel pools to cool the spent fuels.
In the current cooling system, oxygen from the air dissolves
in pool water. To reduce the amount of dissolved oxygen
(DO), after May 2011, Tokyo Electric Power Co. added
hydrazine (N,H,) to inhibit the corrosion of the materials.

In thermal power plants, N,H, is used as a deoxidant for
high-temperature water, but it is known that the
deoxygenation effect is weak for room temperature water.
It has been reported that the gamma radiolysis products of
N,H; react with oxygen molecules, and the DO
concentration in a sample of irradiated water is reduced as a
result of N,H, addition. However, these data were not
obtained for salt-containing water, but for distilled water.
The deoxygenation behavior of N,H, for DO in
salt-containing water is not known.

Therefore, in this study, the reaction of DO and N,H, was
studied in salt-containing water exposed to gamma-ray
irradiation. A small amount of N,H, was added to the
salt-containing water, and the water was irradiated at room
temperature.  After irradiation, the reaction of DO and
N,H; was evaluated via quantitative analysis of both DO
and N,H,. Herein is presented a discussion of the effect of
gamma-ray irradiation on the reaction of DO and N,H, in
salt-containing water.

The test solutions (distilled water, 1/8 artificial seawater,
and artificial seawater with 32 ppm N,H,) were irradiated at
dose rates of 0.1 to 10 kGy/h for 1 h.  The concentration of

10 . . . :
for 1h irradation Water

W 1/8 ASW
| ASW

DO/ ppm
w

<1ppm <1ppm

Before 0 0.1 1 10
test Dose rate / kGy*h™

Fig. 1 Comparison of dissolved oxygen concentrations
with and without irradiation at different dose rate for
1 h. Water, distilled water; ASW, artificial seawater;
1/8 ASW, distilled water/ASW =1:7. Initial [N,H,] =
32 ppm.

DO before and after irradiation is shown in Fig. 1. For
comparison, the concentration of DO in samples allowed to
sit for 1 h in the absence of gamma radiation (0 Gy/h) is also
plotted. As can be seen in the figure, the concentration of
DO in the non-irradiated samples was nearly the same as
that in the samples before the tests. In contrast, the
concentration of DO in the irradiated samples decreased
markedly with increasing dose rate and was less than 1 ppm
at dose rates above 1 kGy/h. Notably, at a dose rate of
0.1 kGy/h, the decrease in the DO concentration in the
artificial seawater (ASW) was less than that in the distilled
water and 1/8 ASW.

Samples of distilled water, 1/8 ASW, and ASW with
32 ppm N,H, were irradiated at a dose rate of 1 kGy/h, and
the change in the concentration of DO with time is plotted in
Fig. 2. It can be seen in the figure that the DO
concentration decreased with increasing irradiation time and
was reduced to less than 1 ppm in 10 min for the distilled
water and 1/8 ASW samples and in 30 min for the ASW
sample. Deoxygenation using N,H, was clearly slower in
the ASW.

As shown in Fig. 2, the rate of decrease in the
concentration of DO during gamma-ray irradiation was
lower in the ASW than in the distilled water. This result
suggests that the salts in the ASW affected the
deoxygenation.

The deoxygenation of salt-containing water with N,H, is
suppressed by chloride ions.
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Fig. 2 Change in dissolved oxygen concentration with
irradiation time at 1 kGy/h. Initial [N,H,] =32 ppm.
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Evaluation of Hydrogen Gas Generation from Cement

Solidification Form by Gamma-ray Irradiation Il

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

Nuclear Cycle Backend Technology Development Unit, NCBD, JAEA

Radioactive combustible wastes generated in Japan
Atomic Energy Agency (JAEA) are incinerated and the ash
obtained by incineration will be solidified with cement.
After conditioning, the cement solidification forms which
include radioactive waste will continuously generate
hydrogen gas by radiolysis of water. Therefore amount of
hydrogen gas generated from the waste form should be
understood in order to evaluate the safety during its storage.

It is thought that the hydrogen gas generation is strongly
influenced by the condition and amount of water in the form.
In a previous study, the amount of hydrogen gas from a
cement solidification form of incinerated ash was larger than
that from a cement paste form without incinerated ash?.
Much amount of water was needed for kneading of the
incinerated ash with cement than for that of cement itself
due to reactions of water with the ash, and then much free
water remaining in the cement solidification form of
incinerated ash would result in increase of the amount of
hydrogen gas. In this study, influence of dose rate, ash
filling rate, water cement ratio, amount of water-reducing
admixture, and free water on the hydrogen gas generation
was investigated by irradiation tests.

Incinerated ash of nonradioactive wastes, ordinary
portland cement (OPC) and a high-range water-reducing
admixture were employed to make several cement
solidification forms and their composition are shown in
Table 1. Sample No 10 was prepared by heating sample
No 1 at 378 K for 24 h.  The composition was expressed as
“Ash filling rate / Water cement ratio - Water-reducing
admixture ratio”. The solidified sample was cut to a piece
of ca. 8 mm wide, 8 mm long, and 40 mm high and was
sealed in a 15 mm diameter quartz ample. A cement paste
sample using OPC (No 8) and a water sample (No 9) were
also prepared. Irradiation tests were performed in Co-60
Gamma-ray Food Irradiation Facility No 1 cell, and the

samples were irradiated by *°Co y-rays at 5 Gy/h for 500 h.
The No 1 type samples were irradiated at 5 Gy/h, 28 Gy/h,
and 45 Gy/h, in which the absorbed dose was adjusted to be
2 kGy. The hydrogen gas in the ample was determined by
gas chromatography.

Results of irradiation test are summarized in Table 1.
The amount of hydrogen gas is normalized into the value for
1 g of sample and 1 kGy of absorbed dose. Although the
variability in the amount of hydrogen gas was large,
remarkable relationship of the hydrogen gas amount to the
ash filling rate (No 2, 3, 4), water cement ratio (No 3, 6, 7),
amount of water-reducing admixture (No 1-1, 3, 5), and
absorbed dose rate (No 1-1, -2, -3) was not observed. On
the other hand, it found out that amount of hydrogen
generation of the dried sample (No 10) decreased greatly.

Because the cement solidification form of incinerated ash
and the cement paste form (No 8) differed in amount of
water used for preparation, the amount of free water in the
forms were determined, and G-values for the free water
were calculated and compared with G-value of pure water
(No 9). Here, the amount of free water was determined by
weight change of the forms after heating at 378 K for 70 h.
The free water ratio and G-value for the free water in sample
were summarized in Table 1. The G-value of all cement
solidification forms including dried one (No 10) shows
almost same value. The G-value became large in the order
of water, the cement paste, the solidification form. It
suggests that cement has a property to promote hydrogen
gas generation by radiolysis and moreover incinerated ash
does.

Reference
1) T. Nakayama et al., JAEA Takasaki Annu. Rep 2011
(2013) 20.

Table 1 Conditions of samples for irradiation test and results of hydrogen gas yield and G-value.

Conditions Results

Ash Water Cement Water-reducing Radiation H2 yield / Free water G-value /

Sample wt%  / wt% / wt% admixture / wt%*  does rate mLg™t kGy™ ratio molecule

/Gy ht 100 eVv?
No 1-1  30/1.4-0 30 41 29 0 5 (7.3£0.0)x10°° 274 11
No 1-2  30/1.4-0 30 41 29 0 28 (6.2£1.5)x10°° 274 9.2
No 1-3  30/1.4-0 30 41 29 0 45 (5.0+£0.4)x10° 274 7.4
No 2 25/1.2-2 25 41 34 2 5 (5.4£0.0)x10°° 26.9 8.1
No 3 30/1.4-2 30 41 29 2 5 (8.6+0.5)x10°° 271 13
No 4 35/1.7-2 35 41 24 2 5 (6.9+1.1)x10°° 28.1 9.8
No 5 30/1.4-1 30 41 29 1 5 (6.7£3.5)x10°° 26.6 10
No 6 30/1.3-2 30 40 30 2 5 (5.8+0.6)x10°° 26.1 9.0
No 7 30/1.2-2 30 39 32 2 5 (5.7+1.5)x10°° 241 9.7
No 8 OPC paste 0 7 23 0 5 (1.5+0.6)x10°° 9.7 6.2
No 9 Waten 0 100 0 0 5 (1.4£0.1)x10°® 100 0.54
No 10 30/1.4-0 30 41 29 0 5 (0.4£0.1)x10°° 2.1 8.5

* Water-reducing admixture was added to cement weight.
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Studies of Irradiation Effects on Surface Structure of

Zeolites after Decontamination of Radioactive Water

R. Nagaishi, K. Morita, S. Tashiro, R. Saito and I. Yamagishi

Fukushima Project Team, NSRI, JAEA

Radioactive water emitted in the Fukushima Dai-ichi
NPS accident has been decontaminated by the adsorption®
and/or the coagulation sedimentation of radioactive nuclides,
in which radioactive wastes of adsorbents and sludge after
the decontamination are accumulated and stored inside the
NPS until their disposal methods will be decided. Figure 1
shows estimated hydrogen (H,) production rates (a) and total
doses (b) absorbed in the Cs adsorption vessels as a function
of time course after the accident. The H, production rates
will decrease, while the doses will increase, leading to
making the degradation of zeolites more serious. The
degradation would affect the H, production, Cs retention
state and thermal conduction inside the vessel?. Thus we
irradiated zeolites by using electron beams (EB) to study the
irradiation effects on the surface structure of zeolites.

0.5

0.4 (a) H, production |
,_E_' ‘
- 03
Q g2

0.1 ® vessel used just after the accident ___., Ll 'In . ]
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_ . . (b) toltal dpse .
0 2 4 6 8 10
Time course after the accident [year]
Fig. 1 Estimated hydrogen production rates (a) and total
doses (b) absorbed in the Cs adsorption vessels (decay
heat: 300W), depending on their decontamination time.

0

Two types of zeolites, which were examined to remove
Cs from radioactive water ¥, were used: one mordenite
(MOR) and two chabazites (CHA-1, CHA-2). The dried
zeolites and wet ones immerged in pure water or seawater
were prepared as irradiation samples. Each sample was put
into a Ti-petri dish, covered with a Kapton film, and then
irradiated vertically on water-cooling SUS plate, where the
sample height was almost same as extrapolated range of EB
in the sample. The incident energy of EB was set as
1.0 MeV, which is comparable to averaged energy of B-ray
from Y-90, and the current was 1.0 mA. Temperature
change in the sample during the irradiation was measured
within 1.0 degree?. After the irradiation, the sample was
separated into aqueous solution and zeolites. The
irradiated zeolites were washed with pure water, dried in
vacuum at more than 597.15 K, and then applied to the
surface analysis by gas adsorption. The adsorption gases
(adsorbates) used in the analysis were nitrogen (measured at

77 K), argon (87.3 K) and water vapor (298.15 K).

The sample was irradiated at absorbed dose of 10 MGy.
It means that the damp zeolite wastes have been kept in the
adsorption vessel for about one year as shown in Fig. 1.
Figure 2 shows adsorption behaviors of water vapor on three
zeolites at 298.15 K, where relative pressure (P/Pg) in
horizontal axes corresponds to relative humidity (RH). In
Fig. 2(a), the rapid increases of adsorption at P/Py lower
than 0.2 indicates that inside zeolites, micro pores with size
smaller than 2 nm are well developed, and the gradual ones
at P/Py of 0.2-0.9 means that the zeolites can hold
10-30 wt% of water in themselves at normal RH of 20-90 %.

The change of adsorption behavior by the irradiation can
be seen in Fig. 2(b). Adsorbed water in the zeolites
increased by the irradiation, especially at P/Py < 0.2. This
suggests that the degradation of zeolites is originated from
the inner damage of micro pore, and that in the damage,
destruction of inner wall and invasion of water into new
pores take place together with generation of finely divided
powder. It can be noted that “pore volume” is a suitable
parameter in the adsorption behavior rather than “surface
area” when discussing the irradiation effects quantitatively.
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Fig. 2 Adsorption of water vapor on zeolites at 298.15 K.
(@) isotherms of MOR, CHA-1 and CHA-2 before EB
irradiation. (b) isotherms of CHA-1 after EB
irradiation. Saturated pressure (Po) of water vapor is
3.169 kPa at 298.15 K.
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Evaluation of Radiation Resistance of Activated Sludge

Used for Nitrate lon Decomposition

A. Nakagawa, T. Kogawara, T. Onizawa, K. Hanada, T. Nakayama and Y. Meguro

Nuclear Cycle Backend Technology Development Unit, NCBD, JAEA

Highly concentrated sodium nitrate liquid waste is
generated from liquid waste processing, off-gas treatment
and so on in the nuclear fuel reprocessing facility. Because
nitrate compounds are hazardous materials, technology
development for removal of nitrate from the waste prior to
its disposal is important. Decomposition of nitrate ion is
one of the nitrate removal methods, and so the authors have
developed a biological nitrate ion decomposition method by
using activated sludge Y. In this development, it is
considered that capability of the activated sludge on
degradation of nitrate ion is influenced by radiation. In this
study, gamma-ray irradiation test was conducted and
gamma-ray resistance of activated sludge was evaluated.

Assuming that nitrate ion in an intermediate radioactive
liquid waste generated from the reprocessing facility of
Japan Atomic Energy Agency is decomposed using a cubic
container of 5 m®, gamma-ray absorbed dose rate at the
central part of container was calculated to be 0.1 Gy/h using
ORNL Isotope Generation and Depletion Code (ORIGEN
2.1) and Point Kernel Code for Dose Equivalent
(QAD-CGGP2). In this experiment, absorbed dose rates
were set 1, 10, and 100 Gy/h from ®°Co source in the Food
Irradiation Facility. Radiation resistance was confirmed on
severer conditions than the calculated one. Irradiation time
per day was 20 hours and accumulated time was 250 hours.

An experimental apparatus is shown in Fig. 1. The
activated sludge was in a decomposition vessel, a sodium
nitrate solution was fed to the decomposition vessel, and the
processed liquid was transferred to a waste vessel through a
membrane module separately from the sludge. The sodium
nitrate solution was a mixture of a 0.42 mol/L sodium nitrate
solution, a carbon source (0.34 mol/L acetic acid solution)
and a nutrient (NH,CI and KH,PO, solution). The liquid
feed rate was 0.608 L/day and the amount of activated

sludge was 1 L. In this condition, nitrate ion
Fump
pH meter
Insulator
Heater /
Membrane
Module
A
lSimulate o Processed
Liguid Liquid
Supply Decomposition Waste
Wessel Vessel Vessel

Diffuser Nz Gas

Fig. 1 Experimental apparatus of gamma-ray irradiation on
activated sludge.

decomposition rate was 3.5 kg-N/m®/day. The temperature
of activated sludge in the decomposition vessel was
maintained at 24-28 °C with a heater. The pH value in the
vessel was measured and a sulfuric acid solution was added
for making pH condition neutral when the pH increased by
nitrate ion decomposition. Nitrogen gas was introduced to
the decomposition vessel by a diffuser to make the activated
sludge anaerobic condition. The processed liquid was
sampled and the nitrate ion concentration was determined by
ion chromatography.

The activated sludge was irradiated with gamma-ray in
the course of decomposition of nitrate ion. Nitrate ion
decomposition rate was defined as the percentage of the
nitrate ion concentration in the sample to that in the
decomposition vessel calculated from the sodium nitrate
solution amount supplied. The decomposition rate to the
absorbed dose in this irradiation test is shown in Fig. 2. In
this figure, triangle, square and diamond were results of 1,
10 and 100 Gy/h tests, respectively. The decomposition
rate was over 90% until 600 Gy independent of the absorbed
dose rate. From this result, the activated sludge used in
this experiment will be able to employed over 5,000 hours
when the dose rate is the value estimated (0.1 Gy/h). In the
irradiation test with 1 Gy/h, the variability of decomposition
rate was large and the absorbed does was much smaller than
600 Gy. Therefore, it is considered that more specific
irradiation test in the low dose rate region is needed.
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Radiation Resistance Test of Insulation for

Instrumentation Wire of JT-60SA Magnet

H. Murakami, A. Sukegawa and K. Yoshida

Tokamak System Technology Unit, FRDD, JAEA

The modifying of the JT-60U magnet system to the
superconducting coils (JT-60SA) is progressing as a satellite
facility for ITER by both parties of Japanese government
(JA) and European Union (EU) in the Broader Approach
agreement?.  The superconducting magnet? is used for
initiating and controlling plasma in JT-60SA. The insulation
for instrumentation wire of fusion magnet withstands high
voltage, cryogenic temperature and high dose such as 21 kV,
4 K, 20 kGy for the cryogenic magnet and 600 kGy for the
room temperature (RT) magnet of JT-60SA.

The insulation material for an instrumentation wire
withstands high dose more than 10 MGy can use Polyimide
or PEEK (polyetheretherketone) insulation ®. They are
very hard for handling instrumentation wires. On the other
hand, the PTFE (polytetrafluoroethylene) for the insulator in
instrumentation wires, which is common used for cryogenic
devices because of good mechanical and electrical properties
and easy handling, can withstand up to only 0.7 kGy.

The ETFE (ethylenetetrafluoroethylene) insulation is
candidate material for instrumentation wire in cryogenic
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Fig. 1 ETFE insulated wire for high voltage sensor.
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Fig. 2 Tensile test results under room temperature.

usage. The ETFE insulation is similar mechanical and
electrical properties of PTFE insulator. The ETFE
insulated wire as shown in Fig. 1 was cool downed from RT
to cryogenic temperature several times and after that the
21 kV high voltage test was conducted. The ETFE insulated
wire can use in cryogenic temperature since the withstand
voltage of cool downed ETFE wire was more than 21 kV.

The tensile test was performed using ETFE insulation
samples irradiated up to 2 MGy at the Cobalt 60 irradiation
facility in JAEA Takasaki Institute as a radiation resistance
test. The test results are shown in Fig. 2. The acceptance
criterion is more than 50 % of elongation. The test results
show the elongation is more than 50 % until 1 MGy. The
broken samples after tensile test are shown in Fig. 3. The
color of 2 MGy radiated sample was changed to dark brown.
These results indicate that the ETFE can use up to 1 MGy.

The irradiation test revealed that the ETEF insulated wire
can be replaced with Polyimide or PEEK insulated wire for
the cryogenic devices under the middle irradiation range
condition (up to 1 MGy) including the JT-60SA magnet
system.
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Super Quick Hardening Type Polyurethane and Polyurea
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As for evaluating radiation tolerance as basic performance of the high-performance waterproofing mechanic by the need
of safekeeping facilities of the waste including the radioactive material definitely, it is with an extremely important problem.
Super quick hardening type polyurethane and the polyurea are adopted as the field of engineering works, the waterproofing
materials in the field of building, water blocking material, a concrete protective material. In addition, it is applied to the
large-scale waste disposal ground based on these results. The radiation resistance for these materials was evaluated under
the gamma ray environment in this experiment. As a result, it was revealed that polyurea resin showed high radiation

tolerance than polyurethane resin.
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5 BRE DOIRFFRIT, AL 5 MGy 128\ T 60%FE
B 1% 35%FRE £ TR FL Tz, Yo 7R D RE =R 1%

A, B ELITHE BRI LA BT SIEE 72\, R IEEE DR
FERIZ, A, BEBITIZIE —E Thotz, HEALRO
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Table 1 Testing requirement and method.

Requirement

Method

(1)Tensile strength JIS K 6251
(2) Elongation JIS K 6251
(3) Tear strength JIS K 6252

(4) Young's modulus

JISK 6251 E=oc/e

(5) Surface hardness

JISK 6253 Type D Durometer

(6) Weight variation rate

Rate of change of the weight before
and after the irradiation
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Fig. 1 Tensile strength.
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Study of Radiation Resistance of Optical Fibers for

Remote Imaging and Spectroscopy

H. Naito®, C. Ito®", K. Imaizumi®, A. Nagai® and K. Tobita®

a)Experimental Fast Reactor Department, ORDC, JAEA, ®Fykushima Project Team, ORDC, JAEA

A new probing technique is under development to inspect
(BWRs) of the
Fukushima Daiichi Nuclear Power Station".
fuel debris could be distributed from the reactor pressure
vessel (RPV) to the primary containment vessel (PCV) in

the meltdown nuclear reactor core of Fukushima Daiichi

the damaged boiled water reactors
The nuclear

Nuclear Power Station. The probing system needs to be
mounted on a remote-controlled robotic arm to insert into a
pedestal in the PCV, which consists of a water-proof view
scope, optics of laser induced breakdown spectroscopy
(LIBS,) optical fibers,

detector, etc.  The system is expected to apply to

radiation  resistant radiation
examination under high radiation dose environment such as
10?-10* Sv/h.  The radiation resistance of the optical fiber
is improved by increasing the amount of up to 1,000 ppm
hydroxyl in pure silica fibers? or by using infrared.

In order to evaluate the radiation resistance of optical
fibers which contains 1,000 ppm hydroxyl in the pure silica
core, we carried out the gamma-ray irradiation test under 5 X
10* Gy/h using a ®°Co source. The irradiation length of the
tested fiber was about 10 m and the numbers of image fiber
cores were 2,000. Both ends of the fiber were outside of
the irradiation room and we measured the transmitted light
power during irradiation by an optical spectrum analyzer
and a halogen lamp. In addition, we took images of
1) visible light images using a color CCD camera and
2) infrared images using a monochromatic CCD camera
with an infrared transmitting filter.

The wavelength spectrum is shown in Fig. 1 and the
photographs are shown in Fig. 2. There is a large peak by
the non-bridging oxygen hole center (NBOHC) and a peak
tail of E’ center, but is no large absorption in infrared region

except an OH absorption peak of 945 nm. In visible light

Wavelength [nml]
350 450 550 650 750 850 950 1050

Transmitted light power [dBm]

Fig. 1 Wavelength spectrum for transmitted light power of
image fiber which contains 1,000 ppm hydroxyl in the
pure silica core.

images, the image was darkened at 1.1x10% Gy. The edge
of the image circle became darker than the center of image
circle. In infrared images, the image was not changed
The

infrared images were fuzzier than the visible images because

between before irradiation and after irradiation.

the light leakage to the neighbor core was large in infrared
The clad thickness of the tested fiber was about
3.6 um and we found that it was needed to increase for an

region.

infrared imaging.

We have confirmed that the optical fiber which contains
1,000 ppm hydroxyl in the pure silica core had enough
radiation resistance and the infrared imaging was effective
for observation under high radiation doses. We progress
the development of the probing system using this optical
fiber and practical application for the observation in

RPV/PCV.
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1.1x10° Gy

Increase multiplication
gain of CCD

1.1x10° Gy (Gain control)
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Fig. 2 Images of the zebra chart transmitted through the
image fiber. The number of the image fiber cores is
2,000.
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Study of Radiation-resistant LED Lighting

M. Kamikawa ®, K. Oka® , R. Yamagata® M. Kawasaki ® and K. lzumi ®

% Kandenko Co., Ltd.,
%) Laser Application Technology Division, QuBS, JAEA,
Department of Advanced Radiation Technology, TARRI, JAEA

There are a lot of restrictions of electric installations in a high radiation environment.
In late years a long-lived LED light attracts attention.

lighting setup.

It is no exception about the
The gamma-ray irradiation examination of the LED

lighting is not reported until now. This paper reports on examination of gamma-ray irradiation conditions for LED lighting.
We aim at “Development of the Radiation-resistant LED lighting” for use in high radiation environment.

1. iZLHIic
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Fig. 17 .The view of LED lighting irradiation.

4. RBHEFE
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IR B 0.58 MGy THIHIFREE D 8% FEEE TR TL
7

Fiz, BT U2 o283 BZ oW, 20 EE v BRI
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Table 1 Result of gamma-ray irradiation damage of LED

lightings.
Sample Sample | Sample | Sample | Sample | Sample | Sample
No. No.l No.Z No.3 Nod No.s No.6
Manufacturer r()l'lllNlﬂ}' C(ﬂl]l!ﬁ'{!_\" ('(‘I]I]}:II'I}-' f'[!llll}l]]l}' f'[!ﬂ!l'lﬂ'll}' C[!!I]l!ﬁ[!}'
A A B C A A
LED Type SMD SMD | Cannomball | SMD SMD SMD
fype
State of Lighting | Lighting | Lights out | Lighting | Lighting | Lighting
LED

iradiating
Absorbed 360 407 0.58 830 206 215

dose(Gy) | Gy | MGy | MGy | Gy Gy Gy
Tuminons - T 2% - - -

flux Die down | Initial ratio | Initial ratio | Die down | Die down | Die down

maintenance

rate (%)
Others Ready- [ Remodeting Ready- | Readv- | Ready- | Readv-
made made made made made
5. Bz
AFERIZ IV T, LED JREA O y i JR 5 38R o FL i

T ENETLENTET,

AtiE, AERENE LT BT — 2 &2 FR LT, KoioE
TR B R E LT T, Ttk LED FRIF JD#
PEZATV, oy BRERS SR FEMi T2,

AWFFENRIETENIL, AT T ZHHE ORI LY
NIBHEIEDAR, S EFEE Y OWRLICE MR T D,
DI HAHRER R T ~D R BIREC, B O &1 B
BIHF L5 TEILDOEE LD,

Reference
1) T. Tsuchida et al.,
(2012) 27.
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Creation of Database of Radiation Resistance on

Polymer Materials and Equipment

A. Shimada, M. Sugimoto, A. Miyashita and M. Yoshikawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Various materials and equipment are considered to be
used for the operations of decommissioning of Tokyo
Electric Power Company Fukushima Dai-ichi Nuclear
Power Plants (1F). For the safety and reliable operation of
decommissioning, it is important to examine the radiation
resistance of materials and equipment used in severe
radiation environments in 1F. In Japan Atomic Energy
Agency (JAEA), the radiation resistance has been studied
for various materials and equipment and a lot of knowledge
of radiation resistance has been accumulated as reports,
papers and so on.

In order to make use of the knowledge accumulated in
JAEA, our research group has developed a database by the
name of “Database of Radiation Resistance on Polymer
Materials and Equipment (DRRPME)”, which is a useful
tool specially designed for the reference to the knowledge of
radiation resistance.

So much knowledge regarding radiation resistance of
materials and equipment, which are used in J-PARC (Japan
Proton Accelerator Research Complex), nuclear fusion
reactors, nuclear power plants, y-ray irradiation facilities,
waste treatment facilities, nuclear fuel reprocessing plants
and so on, are compiled in DRRPME. Specifically
speaking, total of 878 data for radiation resistance of
materials and equipment are collected, involving 423 data of
polymer materials, 223 data of equipment and parts,
103 data of oils, fats and paint coatings and 129 data of
organic composite materials, which are summarized from
33 JAEA reports, 38 scholarly papers, 30 congress materials
and 9 other reports.

Figure 1 shows the console image of DRRPME produced
in a personal computer. As seen in Fig. 1, there are five
criteria menu such as broad category, narrow category,
species of radiation, irradiation atmosphere and name of
materials and equipment to narrow down to a candidate out
of 878 data.
DRRPME can easily obtain the data of radiation resistance

By the combination of the five criteria, user of

of materials and equipment as well as the information of
references which the data is described in. In case of data
described in JAEA reports, uniform resource locator (URL)
is available for getting JAEA web site which shows the
original report containing data of radiation resistance.

The program code of DRRPME is created by Microsoft
Access 2010 and is easily operated on Microsoft Windows
operation system. So the user can obtain the information
of radiation resistance of materials and equipment even if
the user is in the work site without connecting internet.

The procedure to obtain the software of DRRPME is
different from between JAEA staffs and persons who do not

belong to JAEA. Although JAEA staffs can obtain from
JAEA intra-net, the persons who do not belong to JAEA
have to get DRRPME through “Research Organization for
Information Science and Technology (RIST)”.

Such type of database program was not released yet, so
we announced the contents of DRRPME in a press release
on June 1, 2012. It is expected that DRRPME is a useful
tool not only for the decommissioning of 1F for several
decades but also for the selection and manufacture of
materials and equipment for the general nuclear power
plants and accelerator facilities.
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Fig. 1 Console image of DRRPME.

Five search criteria of this database
* Broad category (“daibun-rui”) :
equipments and parts, oils,

polymer materials|
fats and paint coatings,)
organic composite materials.

* Narrow category (“syoubun-rui”
polymer materials)  epoxy
thermoplastics resins and so on.

(for example,

resins,  elastomers,|

* Species of radiation (“sensyu”) : y-ray, electron beam,|
ion beam and so on.

* Atmosphere (“hun-iki”) : air, N,, O, and so on

* Name of materials and equipment (‘“zairyoumei”) : input
by keyboard.

URL for obtaining software of DRRPME
* JAEA staffs
http://drrpme.taka.jaea.go.jp/
* Persons who do not belong to JAEA
http://www.rist.or.jp/nucis/
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Evaluation of High-temperature Irradiation Resistance of

ODS Ferritic Steel for Fast Reactor Application

S. Ohtsukaa), T. Tanno a), N. Ohkubob), S. Jitsukawab), S. Yamashitaa),
Y. Yano a), T. Kaito® and T. Sawai®

YFast Reactor Fuels and Materials Technology Development Unit, ANSRD, JAEA, ®Division of
Fuels and Materials Engineering, NSED, JAEA, © Advanced Science Research Center, JAEA

Research and development (R&D) of fast breeder reactor
(FBR) cycle system have been internationally carried out.
This system can remarkably increase the efficiency of
uranium utilization, which produces huge amount of energy
with little CO, emission. It is also beneficial to reduce the
volume and activity of radioactive nuclear waste. In the
R&D of FBR cycle system, development of long-life fuel
cladding tube is a critical issue for enhancing the reactor
performance (safety and economical performance), and the
transmutation efficiency of minor actinide. Japan Atomic
Energy Agency (JAEA) has been developing oxide
dispersion strengthened (ODS) steels as a primary candidate
of the long-life fuel cladding tube. The FBR fuel cladding
tube will be exposed to the high-temperature up to 700 °C
and high-dose neutron irradiation up to 250 dpa in normal
operation condition. In the off-normal events, the cladding
temperature up to 830 °C is permitted. Thus, evaluating
the irradiation response of ODS steel at high-temperature is
very important. The authors had carried out the neutron
irradiation test of ODS ferritic steel cladding tube to neutron
dose of 50 dpa at irradiation temperature of 400- 830 °C
using JOYO" and BOR-60”. Since it takes long time to
derive the high dose neutron irradiation data, the simulation
irradiation technique using ion-accelerator is effective to
evaluate the radiation tolerance of nuclear materials. This
study uses the heavy ion beam, Fe-ion beam, for producing
cascade damage. The irradiation test results using
ion-beam and neutron of ODS ferritic steel reported so far
are summarized in Table 1. Though irradiation data are not
plentiful, the ODS ferritic steels developed by JAEA,
JAEA-ODS, have been reported to have good microstructure
stability. However, there are some reports indicating the
irradiation-induced instability of dispersed oxide particles in
the steels other than JAEA-ODS.  This study carries out
the simulation irradiation using Fe-ion beam to evaluate the
high-dose irradiation response of JAEA-ODS, especially
stability of nano-sized oxide particle, in FBR high burn-up
core condition.

Irradiation temperatures were 400 °C and 700 °C, which
are the operation temperatures at the bottom and top of fuel
column, respectively in normal operation. The specimens
were irradiated with Fe™ jon (self-ion) beams at TIAAR.
The ODS steels used for the irradiation tests are JAEA-9Cr
and 11Cr-ODS steels, whose chemical compositions are
Fe-9wt%Cr-0.13C-2W-0.2Ti-0.35Y,0; and Fe-11wt%Cr-
0.13C-1.4W-0.4Ni-0.2Ti-0.35Y,0s, respectively. For each
steel, two types of heat treatments were adopted:
normalizing-and-tempering (NT; 1,050 °C x 1 h, AC =>
800 °Cx 1 h, AC), and furnace-cooling (FC; 1,050 °Cx 1 h
=> furnace-cooling at 30 °C/h). The normalizing-and-
tempering produces the duplex matrix constituting of

tempered martensite and residual-a ferrite, which is favored
in terms of irradiation resistance. The furnace cooling
produces the constitution of transformed-a ferrite and
residual-o. ferrite, which is advantageous to ductility.
Traditional 11Cr heat-resistant steel, PNC-FMS, was also
irradiated as a reference material. To date, Fe-ion
irradiations up to 60 dpa were completed at 400 °C and
80 dpa at 700 °C, on the five types of specimens described
above. The nano-indentation tests were carried out for the
NTed 9Cr-ODS steel and the NTed 11Cr-ODS steel, both of
which were irradiated to 60 dpa at 400 °C. The test results
indicated that both specimens have the irradiation hardening
with the increasing rate of approximately 20%. Hereafter,
the tests for the rest of irradiated steels will be completed.
Transmission electron microscope (TEM) observation will
be carried out on the specimens appropriately chosen on the
basis of the nano-indentation test results, thus characterizing
the radiation damage microstructure. The ion-irradiation
tests will be continued until the displacement damage
reaches 250 dpa to systematically study the effects of
chemical composition, especially Cr concentration, and type
of matrix structure on microstructure stability under
high-dose irradiation of ODS steel cladding tube.
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Table 1 Previously-carried-out test results on the stability
of oxide particles under irradiation .

Irradiation ~ Temp. Dose Stability of nano-
Alloy . o . . .
particles (°C) (dpa) sized oxide particles
JAEA-ODS Neutron  410~830  15~30 Stable 1)
(9/12Cr-ODS)
JAEA-ODS .. Increase in number
(9C1-0DS) Ni-ion 500~700 150 density 3)
INCO MA957 Decrease in number
Neut 0~ 1 4
(14cr-opg)y Neutron  500-700 100 density )
DT2203Y05 Disappearance of
(13Cr-ODS) Neutron  400~580  30~80 fine oxide particles 3
light
EMI0-Y,05  Ar-ion 400 30 Slight decrease
in size 5)
(9Cr-ODS)
Electron 400 decrease in size
EMI0-MgO  Ar-ion 400 30 Shgh‘md:;?ase 5
(9Cr-ODS)

Electron 400 decrease in size
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Irradiation Hardening Behavior of SUS316L and

F82H Steels in Heavy Irradiation Fields up to 250 dpa

N. Okubo?, N. Ishikawa® and S. Ohnuki®

?Division of Fuels and Materials Engineering, NSED, JAEA,
b)Faculty of Engineering, Hokkaido University

Austenitic stainless steels SUS316L and reduced
activated ferritic steels F82H were irradiated at considerably
high damage level up to 250 dpa at irradiation temperature
of 300 °C by means of self-ion irradiation. The hardening
behavior of the irradiated SUS316L steels indicated that the
hardness was saturated at about 50 dpa and was kept
constant at higher dose of irradiation. In the case of F82H,
however, no saturation of hardening behavior was observed
under irradiation at considerably high fluence of 250 dpa.

In future commercial fusion system and ADS target
components, the structural materials will be heavily
irradiated under severe conditions, where displacement
damage, high concentration of He and H atom
accumulations will simultaneously occur by high energy
neutron irradiations. Degradation of mechanical properties
after irradiation should be suppressed within a range
permissible for reactor design. High fluence neutron
irradiation experiments over a few hundred dpa are
practically difficult due to long time irradiation and high
cost. lon irradiation experiments are powerful techniques
for high fluence irradiation, but only a few papers about
swelling? have been reported so far.

In this report, we address irradiation hardening of
SUS316L and F82H steels in the case of self-ion irradiation
without simultaneous irradiation of helium and/or hydrogen
in order to assess only the effect of displacement damage at
considerably high levels.

At TIARA, ion irradiation of 10 MeV-Fe®* to the
SUS316L (solution annealed) and F82H (IEA Heat) was
conducted at 300 °C in order to investigate the
irradiation-hardening behavior up to 250 dpa. The
irradiation rate was 1.2x 107 dpa/s. After the irradiation,
the micro-hardness was measured by using nanoindentation
technique. To suppress the variation of surface
morphology and original hardness among the specimens, the
identical specimen was irradiated for SUS316L and F82H
after intermittent hardness measurements over 100 dpa.

Dependence of irradiation hardening on the displacement
damage to SUS316L and F82H is shown in Fig. 1. In the
case of SUS316L, the irradiation hardening increased
gradually as increasing the damage up to 50 dpa. The
slope appeared to be decreasing around 50 dpa and
subsequently saturating. The value of power obtained
from the log-log plots of AHv vs. dpa data was about 0.02
for SUS316L. In the case of F82H, however, no
saturation of hardening behavior was observed under
irradiation at considerably high fluence of 250 dpa.
In future, it is necessary to observe the microstructures
with  TEM to answer what the difference between
SUS316L and F82H is.

8.0

10.5 MeV-Fe** @300 °C

<
[a
S 6.0
wn
(7]
B}
[
©
]
< 40
o
o
= ;
; -=--316L
2.0
0 100 200 300

dpa

Fig. 1 Dependence of irradiation hardening on displacement
damage in F82H.
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Radiation-induced Hardening for SUS316L with

Bending Deformation

N. Ishikawa, N. Okubo and K. Kondo
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Irradiation assisted stress corrosion cracking (IASCC) is
one of the important phenomena that are found in in-core
components in light water reactor. In spite of extensive
studies over a long period of time it is not yet fully
understood. One of the keys to solve the problem is to
understand the effect of welding. It should be noted that
the phenomenon is often found at welded zones, where
strong stress may affect the irradiation behaviour. In this
study, the effect of stress on irradiation-induced hardening is
investigated.

An austenitic stainless steel (SUS316L) specimen with
bending and that without bending were simultaneously
irradiated with 12 MeV Ni*' ions at 330 °C. The
configuration of the sample holder was shown in the
previous annual report V.  Specimen holder for the
specimen with bending deformation is such that the
curvature radius is 12.5 mm to give about 2% plastic strain
into a 0.5 mm thick specimen. Half of the specimen was
masked with aluminum foils during the irradiation, so that
hardness for unirradiated area and that for irradiated area
can be easily compared without influenced by a possible
difference of specimen conditions. After the irradiation,
the micro-hardness was measured by using nanoindenter
(ENT-1100a, ELIONIX) for both irradiated area and
unirradiated area of the specimen. The hardness was
measured by fixing the indentation depth of 0.3 um, which
is much smaller than the projected range of the ion
(3.2 pm).

As shown in Fig. 1 the increase in hardness was found
for irradiations to 2 and 15 dpa. The hardness of the
specimen without bending does not depend on the lateral
position of the specimen, indicating that the hardness does
not depend on the position of the specimen, but depends on
the irradiation-induced defect density. However, the data
for the bended specimens show that the hardness depend on
the position of the measurement. Since the specimen is
bended, it is suspected that the load was not applied
perpendicular to the surface of the specimen. This may
make inappropriate loading condition of the indenter. The
only position where the appropriate indentation condition is
satisfied is the boundary of the unirradiated and irradiated
area, where the load was applied perpendicular to the
surface. Therefore, it is concluded that the effect of
irradiation-induced hardness change is not affected by
bending with 2% plastic strain. (Here, only the data near the
boundary are compared.) The data appeared in Ref. 1) was

measured only for the position approximately 2 mm distant
Therefore, the difference in the
hardness due to bending during the irradiation found in
Ref. 1) was not due to bending itself but due to inappropriate
measurement condition.

from the boundary.
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Fig. 1 Change in hardness for unirradiated area and for
irradiated area. The data for the specimen with
bending and those for the specimen without bending are

shown in the same figure.

Reference
1) N. Ishikawa et al., JAEA Takasaki Annu. Rep. 2011
(2013) 25.
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An extra high purity (EHP) Ni-base superalloy has been
developed as MA doped MOX fuel claddings for sodium
cooled fast reactors. In EHP alloys, impurities, such as C,
O, N, P and S were reduced to less than 100 ppm in total to
improve embrittlement  and
The cladding materials

workability, irradiation
intergranular corrosion resistance.

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

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

. - . 1
loops increased with increasing external stress .

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

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

of a special bending holder during the irradiation as shown

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

offset stress level.

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

The injection rates for He and H were

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

irradiated specimens was evaluated by indentation depth of

400 nm in consideration of the depth.

The microhardness was calculated from mean values of 10

damage

points per each specimen.

The dependence of microhardness on the irradiation
damage was evaluated for EHP(WSi) alloy with and without
bending deformation. Figure 2 shows the change in
irradiation hardening at 823 K as a function of dose. In
both of deformed and undeformed specimens, the
microhardness increased immediately up to 5 dpa and was
saturated around 10 dpa. Although variation of data was
large, the difference in the microhardness change of both
specimens was small. Therefore, there is no effect of
external stress on microhardness of EHP(WSi) alloy in this
study. However, the microhardness of deformed specimens
was slightly higher than that of undeformed ones from initial
condition at 673 K?.
stress relaxation at 823 K. The residual stress of deformed

The difference may be caused by the

specimens before and after the irradiation will be measured to

examine the stress relief.

References

1) H. Tanigawa et al., Nucl. Instrum. Meth. Phys. Res. B
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Table 1 Chemical composition of EHP(WSi) alloy (wt%).
Fe Ni Cr W Si
bal. 42.8 25.35 10.24 2.75
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Fig. 2 Dependence of microhardness on irradiation
damage at 823K for EHP(WSi) alloy.
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1. Introduction

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

)

in the matrix”. However, many studies reported that these

alloys exhibited the significant ductility loss due to

irradiation at high temperature '™

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

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

this work is to evaluate the ductility of the G phase

strengthened Ni-base alloy irradiated at various temperatures.

The
ion-irradiated material.

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

alloys.

2. Experimental

G phase strengthened Ni-base alloy (Fe-43Ni-25Cr-10W-
2.7Si) under extra high purity grade so-called EHP(WSi)
alloy was used for the ion-beam irradiation experiments.
To estimate irradiation hardening, ion-irradiation were
performed at TIARA under triple (Ni*" + He" + H") ion
beams at 100 dpa and at temperatures ranging from 773 K to
973 K, which was the range of operation temperature for
cladding material of JSFR. Twelve MeV Ni** was injected
to produce radiation damage and ions of 1.05 MeV He*" and
380 keV H' were implanted through Al degrader foils to
The peak
depth of displacement damage was calculated to be 2 um by
SRIM-2000. The mean displacement damage at depth of
1.5 um was selected to be 100 dpa.

simulate a FaCT core irradiation environment.

The injection rates for
He and H were 1 appm/dpa and 15 appm/dpa, respectively.
The surface temperature of the specimens was measured
by two-dimensional infrared pyrometer and kept to be
constant under irradiation. The microhardness was measured

by using a nanoindenter. The hardening behaviour of the

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

3. Results and discussion
The dependence of microhardness on
temperature was evaluated for EHP(WSi) and Nimonic

irradiation

PE16. The change in microhardness is shown in Fig. 1.
In both specimens, the microhardness decreased with the
increase of irradiation temperature, except the data of
Nimonic PE16 at 973 K. It seems that the decrease in
attributed to
irradiation defects. For the increase of microhardness of
Nimonic PE16 at 973 K, the authors reported that the
general features of microstructure were y’ coarsening and y’

microhardness is thermal recovery of

precipitation on dislocations, void surfaces and grain
boundaries from TEM observation of irradiated specimen at
973 K.
may be re-precipitation of y* on dislocations, void surfaces
and grain boundaries. The
evaluation with TEM is essential issue for interpreting the

It is considered that the reason of the increase
detailed microstructural
increase.
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Fig. 1 Change in microhardness of Nimonic PE16 and

EHP.(WSi) irradiated at 100 dpa as a function of
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S. Yamashita®®, T. Inoue®?, Y. Sekio®, T. Hayashi®, I. Yamagata®®,
T. Yoshitake*® and T. Kaito®®

Fast Reactor Fuels and Materials Technology Development Unit, ANSRD, JAEA, b Fukushima
Project Team, ORDC, JAEA, ) Fukushima Fuels and Materials Department, ORDC, JAEA

1. Introduction

Precipitation-strengthened high-nickel alloys have been
developed for fuel cladding material in advanced reactor
because of their intrinsic superior swelling property. In
most case, these alloys are strengthened by an intermetalic
compound such as ordered phase y’ [Nis (Ti, Al)] formed in
the matrix. The most important issue in development of
high-nickel alloy is considered to be the improvement of

mechanical properties at elevated temperature; the
significant ductility loss due to irradiation at high
temperature. The cause of this problem was believed to be

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

2. Experimental

The materials used in this study were two types of high
nickel alloys and one austenitic stainless steel for the
comparison; carbo-nitride phase strengthened high-nickel
alloy (8NK_A, 22NK-28), y’/y” [NisNb] phase
strengthened high-nickel alloy (1543G) and Ti-modified
SUS316 stainless steel (PNC316).

Small coupons specimens (6 x 3x 0.3 mm®) were irradiated
at the TIARA facility by 10.5 MeV Fe** ions with 1.05 MeV
He™ ions and 0.38 MeV H" ions. He" and H ions
implantation was performed using aluminum foil energy
degraders. The irradiation was performed to 100 dpa at the
depth of 1.0 um and the damage rate was about 1.0 x
107 dpa/s at this depth. The implantation rates for He and H
were 1 appmHe/dpa and 15 appm/dpa, respectively.

,(@-,Tji = 5 i:: PR i
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Fig. 1 Bright field and Dark field TEM images of
precipitates observed in 8NK-A (a-1, a-2) and 1543G
(b-1, b-2) before irradiation. Each precipitate is
identified as a MC type of carbide for SNK_A and y’/y”’
phase for 1543G from the respective diffraction pattern
analyses.

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

3. Results and Discussion

Bright field and Dark field TEM images of typical
precipitates observed in 8NK-A (a-1, a-2) and 1543G (b-1,
b-2) are shown in Fig. 1. As can been seen in Fig. 1 there
were finely distributed precipitates in the matrix before
irradiation. However, it was revealed from TEM
observation of ion-irradiated specimens that disappearance
or coarsening of precipitates happened locally and that the
re-distribution of precipitates progressed.

Figure 2 shows irradiation temperature dependence of void
swelling of high-nickel alloys (8NK_A, 1543G, 22NK-28)
and austenitic stainless steel (PNC316). This result indicated
that swelling peak temperature was around 600 °C and that
swelling resistance of carbo-nitride phase strengthened
high-nickel alloy (8NK_A, 22NK-28) was better than that of
Ti-modified SUS316 stainless steel (PNC316) under this
irradiation condition.  Simultaneously, it was confirmed that
v’/v>> [Ni3Nb] phase strengthened high- nickel alloy (1543 G)
had superior swelling resistant property.

References
1) W.J.S.Yangetal., J. Nucl. Mater. 132 (1985) 249.
2) D.J. Mazey et al., J. Nucl. Mater. 160 (1988) 153.
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Fig. 2 Irradiation temperature dependence of void swelling
in triple beam ion-irradiated high-nickel alloys. Void
swelling of each specimen is estimated from the
microstructure at the depth of 0.75-1.25 pum.
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Radiation Hardening and Microstructure
in F82H Weldment
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Reduced activation ferritic/martensitic steel (RAFS) is the
most promising candidate for the blanket structural material
in fusion reactorY. This blanket contains many joints of
F82H plates using tungsten inert gas (TIG) welding, electron
beam (EB) welding, hot isostatic pressing (HIP) and so on.
These joints will be also exposed to high neutron flux
irradiation in  fusion reactor. Neutron irradiation
experiments are being performed at HFIR, JMTR and so on.
Some data of modified F82H and welded F82H are also
obtained from post irradiation experiment. On the other
hand, the effect of transmutation helium on mechanical
properties and void swelling in RAFs is also an important
subject. Multi ion irradiation method contributed to this
subject in F82H base metal because this method can easily
simulate the ratio of displacement damage and
helium/hydrogen production 2. However study of
helium/hydrogen gas effect on F82H welded joints is not
enough.

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

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

performed using aluminum foil energy degraders. The
irradiation was performed to 20 dpa at the depth of 1.0 um
and the damage rate was about 1x 107 dpa/s at this depth.
Post-irradiation experiments were performed at IFERC
DEMO R&D building in Rokkasho.  The irradiated
specimens were made into thin films, with a Hitachi
FB-2100 focused ion beam (FIB) processing system. The
microstructural examination was carried out using a JEOL
JEM-2100F transmission electron microscope (TEM)
operating at 200 kV.

Figure 1 a)-c) show examples of microstructure images
for F82H IEA, EB-WM and TIG-WM at 470 °C up to
20 dpa by triple ion beam irradiation. For 470 °C
irradiation in these F82H, cavities are observed at the depth
from about 0.7 to 1.6 um (damage level ~20 dpa at 1.0 um)
from an irradiation surface. The void swelling in F82H
IEA, EB-WM and TIG-WM was ~0.6%, ~0.3% and ~0.6%,
respectively. The swelling decreased at EB-WM region,
slightly.  On the other hand, few cavities were observed in
the same region at 400 °C irradiation.

Further microstructural examinations with irradiated
F82H specimens will be performed and then we will obtain
the temperature of a void swelling peak for dose rate of
10 dpals.
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Fig. 1 Microstructure images of cavities in F82H irradiated at 470 °C, 20 dpa by triple beam irradiation (Around 1.0 um

from surface).

a) F82H IEA, b) F82H EB-WM, c) F82H TIG-WM.
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After the great east Japan earthquake on March 11, 2011,
Tsunami attacked the Fukushima Daiichi Nuclear Power
Plant (NPP). To cool the reactor cores in the Unit 1, 2 and
3 of the Fukushima Daiichi NPP, the seawater was injected
into the reactors. Low alloy steel and carbon steel which
have relatively low corrosion resistance, are used as the
reactor pressure vessel (RPV) and primary containment
vessel (PCV), respectively. Since melted nuclear fuel fell
down from the RPVs, the high dose of radiation has been
continuing in the PCVs. When water is irradiated by
gamma rays, oxygen, hydrogen peroxide, radicals, etc. are
produced by water radiolysis. The species are chemically
active and it is considered that corrosion on RPV and PCV
might be assisted.

Therefore, we are carrying out the research related to the
corrosion issues which may affect the integrity of the RPV
and PCV to evaluate the effects of the gamma rays
irradiation on corrosion of steels.

Corrosion tests under gamma rays irradiation and an

Recorder

| Cooler

Fig. 1 Corrosion tests under gamma rays irradiation and
an irradiation facility at the Takasaki advanced radiation
research institute, (a) schematic illustration of corrosion
tests, (b) external view of an irradiation room and (c)
cover of ®°Co source in the irradiation room.

irradiation facility at the Takasaki advanced radiation
research institute are shown in Fig. 1.  Sheet type
specimens of 40 mmx 10 mm X2 mm were immersed in
diluted artificial seawater with chloride concentration of
100 ppm at 323 K (50 °C). Subsequently, *°Co source of
gamma rays was lifted from a pool under a floor and the
specimens were irradiated. Duration of corrosion tests
under gamma rays irradiation were 50, 100 and 500 h.

Equipment for corrosion tests arranged in the irradiation
room is shown in Fig. 2. The flasks were placed close to
®9Co source and dose rate of 4.4 kGy/h was estimated in the
flasks containing water.

Visual inspection of the specimens before and after
corrosion test for 50 h is shown in Fig. 3. Formation of
oxide layer is observed on their surface. Weight loss will
be estimated after oxide layer removal treatment.

In the next step, corrosion tests in diluted artificial
seawater containing corrosion inhibitor will be performed as
countermeasure for degradation of the steel components.

1 - =
Cover of ®°Co Source

Therm ocouple

Fig. 2

Equipment for corrosion tests arranged in the
irradiation room.

Fig. 3 Visual inspection of specimens before and after
corrosion test for 50 h in diluted seawater at 323 K.
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Introduction

The flock, which was generated in the coagulation
process for radioactive contaminated water from the
Fukushima Daiich nuclear power plant, contains the sea
water. When storing the flock until its processing it was
anticipated to make a crevice on the surface of its storage
tank. Concernig durability of tank material, it is important
to evaluate not only uniform corrosion but also local
corrosion. In addition, the effect of radiation from the
flock should be considered. In this study, we investigated
these effects on the corrosion of SS400 as the material of the
storage tank, to which the flock will be transferred in the
future?, in the settling condition.

Experimental

Based on the information on the flock storage condition?,
electrochemical tests, in which corrosion potentials and
polarization curves were recorded, were carried out with
SS400 under several conditions for discussing major
corrosion factors and possibility of local corrosion.
Immersion tests were performed subsequently on the
selected conditions and average corrosion rates were
estimated by the weight loss of the coupons after the
immersion for 1,230 hours. In addition, the surfaces of the
coupons were observed by microscopy for evaluating the
local corrosion. During these tests, y-ray of ®°Co was
irradiated at Takasaki to flock solution at different absorbed
dose rates. In all of these tests, the flock supplied from
Tokyo Electric Power Company (TEPCO) as a surrogate
and artificial sea water (Aquamarine supplied from Yashima
Chemical Co.) were used.
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Fig. 1 Change of corrosion current densities Fig. 2

with absorbed dose rates of y-ray.

Results and discussion

In the electrochemical tests, no change of corrosion
potential was observed with y-ray irradiation, and the
polarization curves suggested the corrosion would proceed
uniformly.  Figure 1 shows the change of corrosion current
densities estimated by Tafel plot with absorbed dose rates of
y-ray. The corrosion current density increased at the high
absorbed dose rate. Figure 2 summarized the average
corrosion rates in the immersion tests with the parameters of
absorbed dose rates of y-ray, pH and sea water concentration
of the flock solution which were estimated to be major
corrosion factors from the results of the electrochemical
tests. Although the corrosion rates changed slightly in
some conditions as suggested by the electrochemical tests,
e.g. increasing at the high absorbed dose rate, they were
around 0.1 mm/y, which was the almost same as the
corrosion rate of $SS400 in sea water?. Microscopic analysis
of the immersed coupons showed no severe corrosion
including local corrosion occurred. The increase of the
corrosion rate at the high absorbed dose rate will be caused
by significant generation of H,O, which acts as an oxidizer
in the flock solution.
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* Parameter different from the standard condition

Effects of corrosion factors on corrosion rates of SS400

(Immersion time: 1,230 h, Irradiation time: 1,050 h).
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Nano-infiltration Transient Eutectic Process after Triple
Ion Beam Bombardment
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Silicon carbide (SiC) and its composites (SiC/SiC) are
attractive candidate materials for nuclear fusion energy
application because of their superior irradiation performance
and thermo-physical, -chemical, and -mechanical properties'”.
To realize the use of such composites, the effect of
transmuted helium (He) and hydrogen (H) under fusion
environment needs to be clarified in terms of dimensional
stability of SiC. However, the information after irradiation
is quite limited about SiC containing secondary phases
composed of sintering additives as impurities, such as
matrix of nano-infiltration transient eutectic (NITE)
sintering process”, in contrast to high purity SiC made by
the chemically vapor infiltration method®. Therefore, the
irradiation effect on dimensional stability of the NITE-SiC
has been previously examined®®. In the following two
fiscal years, microstructural evolution of the NITE-SiC after
ion irradiation to a relatively high-dose with a special
emphasis on the transmuted H effects was investigated.

Monolithic SiC ceramics via the NITE method were
irradiated at Takasaki Ion Accelerators for Advanced
Radiation Application (TIARA) facility of Japan Atomic
Energy Agency. Simultaneous dual or triple ion irradiation
was conducted to ~30 dpa at 1000 °C in order to simulate
the synergetic transmuted He/H effects. Microstructure
was evaluated with transmission electron microscopy (TEM)
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Triple

10 dpa

—
20nm
Conditions:
NITE-SiC (C), GI
1000°C
@©
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340 keV H+
40 (400] H/dpa
Fig. 1 TEM micrographs showing cavity formation after

ion irradiation to 10 and 30 dpa at 1000 °C with varied
He/dpa and H/dpa conditions (Dual, Triple, Triplex10).

for a specimen thinned by focused ion beam.

After dual and triple ion irradiation to 10 dpa with
130 appmHe/dpa, small cavities (~2 nm) were formed in the
SiC grains (Fig. 1), and larger ones (~15 nm) formed along
yttrium-aluminum-garnet (YAG)/SiC grain boundaries.
Based on the TEM micrograph analysis results shown in
Fig. 2 and Table 1, under fusion environmental condition
(40 appmH/dpa), no remarkable negative effects of
hydrogen on cavity formation was found under the condition
studied. Additionally, cavity swelling was also small even
under the excessive H implanted condition (~0.06% for the
cavities in grain interiors and ~0.05% for the ones at grain
boundaries after 400 appmH/dpa (Triple x 10) irradiation).
Further detailed observation and analysis for the specimens
irradiated to ~30 dpa are underway.
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Fig. 2 TEM image analysis for cavity diameter

distribution in NITE-SiC grain interior after 10 dpa
irradiation at 1000 °C.

Table 1 The results in Fig. 2 for average cavity diameter
(d), number density (n), and cavity swelling (4V/V).

Condition dmm) a(m’)  AV/V (%)
Dual 1.5 2.1x10% 0.025
Triple 1.7 1.6x10% 0.029
Triple Hx10 1.6 3.9%x10% 0.060
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Chemical Vapor Deposited Silicon Carbides under
Gamma-ray Irradiation
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Silicon carbides (SiCs) are potential candidates as
insulating materials in nuclear fusion systems such as
separators or insulating flow channel inserts, between
tritium breeding and neutron multiplier materials composing
Li-Pb blanket modules.  So far, it has been reported that the
electrical properties of insulating ceramics are dynamically
modified by electrons that are excited from valence bands to
conduction bands by the so-called dynamic radiation
effects™?. In fact, for CVD-SiC materials with high purity
and density, synthesized by the chemical vapor deposition
technique, the radiation enhanced phenomena such as
radiation induced conductivity (RIC) and radiation induced
electrical conductivity (RIED)-like behavior has been
observed by in situ radiation experiments under gamma-ray
and fast neutron irradiations®. The RIC and RIED-like
behavior according to radiation-induced modification of the
electrical property occurred with essentially no displacement
damage, but ionizing effects (radiolysis). However, it has
not been clarified fully, yet. It is significant important to
investigate the radiation damage process and physical
mechanism on the degradation of the electrical property by
radiation in more detail by combining in situ radiation
experiments with post-irradiation examinations.

Figures 1(a)-(d) show SEM (SEI: secondary electron
image) micrographs of unirradiated, gamma-ray-irradiated
CVD-SiC samples at approximately 0.24, 1.13, and
1.47 MGy, respectively. It seems to be the melting
formation for the surface morphology of the
gamma-ray-irradiated CVD-SiC sample. The result shows
the radiation damage due to ionizing effects.  The
microstructures for the unirradiated, gamma-ray-irradiated
samples have been shown by XRD patterns of Fig. 2.
There is essentially no change in the XRD patterns before
and after irradiation, indicating no significant loss in
crystallinity. The RIED-like behavior? may be attributed
to changes in electronic structure by breaking the bond
between Si and C atoms and distortion of the structure,
which is due not to the atomic displacements but the
electronic excitation essentially.  As the results, it is
concluded that the covalent nature of SiC extremely makes
it sensitive to radiolysis; defects production by ionizing
radiation.

Fig. 1 SEM (SEI: secondary electron image) micrographs
of (a) unirradiated and gamma-ray-irradiated CVD-SiC
samples at approximately (b) 0.24, (c) 1.13, and (d)
1.47 MGy.

CVD-SiC, gamma-ray irr. in air

at

non-irr.
0.04 MGy

0.11 MGy

XRD Intensity (a.u.)

0.24 MGy

1, 47 My

352 353 354 3.5 3.6 3.7 368 359 36.0
20

Fig. 2 XRD patterns of unirradiated, gamma-ray
(1.47 MGy) and fast neutron (8.4 x 10 n/m?)-irradiated
CVD-SiC samples.

References

1) E. R. Hodgson, Nucl. Instrum. Meth. Phys. Res. B 191
(2002) 744.

2) S. J. Zinkle, E. R. Hodgson, J. Nucl. Mater. 191-194
(1992) 58.

3) B. Tsuchiya et al., Fusion Eng. Des. 86 (2011) 2487.

_40_



JAEA-Review 2013-059

1-37

Surface Morphology of He Implanted CeO, Thin Film

H. Serizawa a), S. Yamamoto  and T. Hakoda ®

%) Division of Fuels and Materials Engineering, NSED, JAEA,
®) Environment and Industrial Materials Research Division, QuBS, JAEA

Recent investigation made by JAEA showed that a gas
bubble bounded by facets is formed in UO, during a process
of a precipitation of helium followed by injection with HIP.
| o s

Fig. 1 Morphology of film surface examined by confocal
laser scanning microscopy. [A] 70-keV He** H.R.:
5 K/min, [B] 130-keV He*" H.R.:5 K/min, [C] 130-keV
He*" H.R.:10 K/min.

The interesting phenomena they found is that the shape
of the negative crystal changes depending on the inner
pressure of cavity, which implies that the shape of the cavity
can be transformed by controlling the condition of helium
release followed by the injection. They call the shape
controllable negative crystal image crystalY. In case of
UO,, helium was injected by HIP successfully since a
solubility of helium is relatively high. However the
injection method may or may not be suitable for other
ceramics in which helium solubility is low. Therefore, we
decided to examine other injection method. This paper
addresses the gas bubble formation in CeO, thin film by
helium injected by ion bombardment.

Pieces of Ce0,(100) thin film was heat treated at 1,273 K
for 2 h. The channeling effect of the film was examined by
RBS. The minimum vyield was as low as 2.3%, which
means that the film is regarded as a single crystal.
The oriented growth of the surface (100) was confirmed by
X-ray diffraction. The films were irradiated with 70-keV
He*" and 130-keV He** ions from 400-kV ion implanter of
TIARA. The ion doped film was heat treated at 1,273 K
for 1 h. The heating rate (H. R.) was varied from 5 to
10 K/min to examine the surface morphology. After the
heat treatment, the surface of the film was examined by
confocal laser scanning microscopy. Figure 1 shows the
surface morphology of the annealed film. It was found that
the precipitated helium forms gas bubble in the film.
The gas bubble formed in the near surface region forms
blister. The force of accumulated gas opens the lid of the
blister.  The surface morphology of the film varies
depending on the anneal condition. Many broken blisters
are observed on the film helium injected with low energy.
The surface morphology is also affected by heating rate.
Almost no defect is seen for the sample with H. R.: 5 K/min
(Fig. 1[B]), while the surface morphology with H. R.:
10 K/min is rough.  The figures indicate that the gas bubble
tends to be formed in the near surface region when H. R. is
high. The aim of this study is to develop new functional
thin film. So, the formation of blister on the surface is
undesirable. The results of this study imply that we can
produce thin ceramic film without damaged surface
successfully by selecting the appropriate annealing condition
followed by helium ion injection.

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

_41_



JAEA-Review 2013-059

A Macroporous SiC Material Synthesized from

Preceramic Polymer with Direct Foaming and
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Porous ceramic materials which possess low density,
high specific surface area, high liquid/gas permeability and
low thermal conductivity as well as intrinsic properties of
ceramic materials are utilized as catalyst supports, hot gas
filters, molten metal filters, thermal insulation, and so on, in
wide industrial fields. In order to expand these
applications more, it is important to develop porous ceramic
materials with enhanced properties such as thermal
resistance, corrosive resistance, strength, and so on.
Silicon carbide (SiC) which possesses excellent resistance
for heat, oxidation and corrosion can give porous ceramic
materials available under severe conditions.  Several
fabrication processes of porous SiC materials have been
proposed: “sacrificial template method” using polymeric
spheres, polymeric foams and freeze-casting of slurry or
solution and “direct foaming method” using blowing agents
or CO, gas. While SiC ceramic powders and preceramic
polymers are used in these processes, the fabrication process
using preceramic polymers is advantageous in comparison
with powder-sintering process because the preceramic
polymers possess high formability, low processing
temperature and controllability of compositions with
addition of fillers. We have synthesized a variety of SiC
products such as fibers, micro parts, membranes for gas
separation from preceramic polymers with radiation curing.
In this work, fabrication of a porous SiC material from
polycarbosilane (PCS) was examined with following
processes (Fig. 1): (1) direct foaming process; PCS is heated
to melt and simultaneously blowing agent is thermally
decomposed to generate gases for foaming, (2) radiation
curing process; the foamed body is irradiated by
gamma-rays in air to fix the foamed shape and (3) pyrolysis
process; the cured body is converted to a porous SiC

PCS Biurea

H3 H
Sl—C Sl—C . .
Direct foaming
CH3H n CHs H 1 I

Polycarbosilane (PCS)

Radiation curing
1
|2N—C"Z—N H-N H—(”I—N H, Pyrolysis

o O *

Biurea

Porous SiC material

Fig. 1 Chemical structures of starting materials and
fabrication process of a porous SiC material in this work.

material by firing at 1,000 °C in an inert atmosphere. In
the direct foaming process, PCS is heated to melt and
simultaneously the blowing agent is thermally decomposed
to generate gases for the foaming. Because an optimum
blowing agent for PCS should be selected to obtain a porous
SiC material, biurea which decomposes in a temperature
range of 180-340 °C evolving NH;, CO, and N, with the
amount of 90 mL/g was used in this work.

A mixture of PCS and biurea of 1 wt% put into an
aluminum pan was heated to 230 °C with a heating rate of
200 °C/h and hold for 2 h, and then heated to 280 °C with
the heating rate of 200 °C/h under Ar atmosphere. The
sample was not held at the foaming temperature and cooled
in the furnace to obtain a foamed PCS body. The foamed
PCS body was irradiated by ®°Co gamma-rays with dose of
1 MGy at room temperature in air. After the irradiation,
the foamed PCS body was heat-treated at 250 °C for 1 h in
Ar to complete curing process. The cured PCS body was
pyrolyzed at 1,000 °C for 1 h in Ar. Obtained porous SiC

material showed an average cell size of 0.5 mm, total
porosity of 74% and compressive strength of 3.2 MPa

(Fig. 2).

Fig. 2 SEM image of porous SiC material synthesized
from PCS and biurea with direct foaming and radiation
curing.

As a conclusion, it was found that biurea is very useful
agent for the foaming of PCS. A porous SiC material
which possesses high open porosity and high compressive
strength was synthesized from PCS and biurea. This
material is expected to be applied for a catalyst support, a
hot gas filter or a molten metal filter although evaluation and
optimization of specific surface area and gas/liquid
permeability are required.

,42,



JAEA-Review 2013-059

1-39
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Anion exchange membrane fuel cells (AEMFC) have
recently received considerable attention due to their
potential advantages of over proton exchange membrane
fuel cells (PEMFC). The AEMFC works under alkaline
condition, where the electrochemical reactions are more
facile than in acidic medium, and non-precious metals such
as nickel, cobalt and iron can replace platinum as the
catalyst. Additionally, aquarius solution of methanol or
hydrazine hydrate can be used as fuels®?.

An anion exchange membrane (AEM) is one of the key
materials for AEMFC. Previously, we prepared AEM with
an imidazolium cation (AEM1) by radiation-induced
grafting (Fig. 1). AEM1 showed moderate conductivity
and water-uptake compared with the corresponding
trimethylammonium group containing AEM. However, the
conductivity of AEM1 decreased rapidly under the alkaline
condition at elevated temperature (1 M KOH, 60 °C). In
this work, we developed alkaline durable properties of
AEMs by introducing poly(N-vinylimidazolium hydroxide)
by a radiation-induced grafting method for direct hydrazine
fuel cells (Fig. 1, AEM2 and AEM3).

The ETFE films were irradiated with a ®°Co j-ray source
(JAEA Takasaki) at room temperature in argon atmosphere
to a total dose of 50 kGy at a dose rate of 17 kGy h™. The
pre-irradiated ETFE films were immediately immersed into
the argon-purged monomer solution consisting of 50 wt%
N-vinylimidazole (NVIm) or a mixture of NVIm/stylene (8 :
2 weight ratio) in xylene. The imidazole pendant groups in
the grafted ETFE were quaternarized using propyliodide and
the resultant AEMs were immersed in 1 M KOH solution at
60 °C for 170 h to convert into the hydroxide from,
completely.  The ionic conductivity of fully hydrated
AEMs was measured by two-point probe AC impedance
spectroscopy.

The poly(NVIm)- and copoly(NVIm/styrene)-grafted
ETFE films (precursors of AEM2 and AEMS3) were
prepared with grafting degrees of 52 and 85%, respectively.

AEML AEM?2 AEM3
n n m
N N
con oy o
N@/N/ { OHg

Fig. 1 Chemical structures of AEMs.

The copolymerized AEM3 was synthesized for
prevention of the excessive water uptake of membrane and
for reduction of electrostatic repulsion between adjacent
imidazolium cations.  The quaternization reaction for
AEM2 proceeds quantitatively, thus molar ratio of NVIm
and stylene in AEM3 can calculate from weight gain after
quaternization. The molar ratio of NVIm and stylene in
AEM3 was calculated to be 1 : 1. The ionic conductivities
at 60 °C of AEM2 and AEM3 were 10 and 27 mS/cm,
respectively.

The alkaline stability of AEMs was evaluated by
monitoring the change in conductivity of AEMs in 1 M
KOH at 60 °C (Fig. 2). The conductivity of AEM1
disappeared within a few hours while AEM2 and AEM3
kept the conductivity for longer periods. Especially,
AEMS3, possessing copolymer grafts of N-vinyl-imidazolium
hydroxide and styrene showed excellent alkaline stability
with keeping conductivity of more than 20 mS/cm after
10 days. The above results strongly indicate that the
alteration of anion exchange groups from benzyl- to
alkyl-imidazolium hydroxide in the AEMs drastically
enhances the alkaline durability in alkaline solutions at
elevated temperatures. Accordingly, the alkylimidazolium
groups in copolymer grafts in AEMs are promising an anion
exchange group for highly alkaline durable direct hydrazine
fuel cells.
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Fig. 2 The AEM conductivities after being immersed in
1 M KOH at 60 °C.
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Widespread commercialization of fuel cells has been
hindered by economic problems associated with the
extensive use of platinum. In order to overcome such
difficulties, researchers have so far developed
anion-exchange membrane fuel cells (AEMFCs), which do
not need expensive platinum catalysts in the electrodes.
Our recent focus has been the preparation of new hydroxide
(OH)-conducting  membranes  for  applications to
“hydrazine-fueled” AEMFCs® by the y-ray pre-irradiation
grafting method?®. Generally, carbon dioxide (CO,) is
dissolved in the AEM, thereby resulting in the
transformation from the OH to bicarbonate (HCO;) ions.
We investigated here the effect of CO, in the air on the
exchange between OH and HCO; ions in the AEM.

Our AEM preparation involved the grafting of
chloromethylstyrene (CMS) into poly(ethylene-
co-tetrafluoroethylene) (ETFE) films and subsequent
quaternization (Fig. 1) 2¥. A 50 um-thick ETFE film was
pre-irradiated with ®°Co y-rays at 30 kGy and then immersed
in the CMS/xylene 33/67 vol% grafting solution in Ar at
60 °C for 4 h. The quaternization of the ETFE-g-CMS film
occurred in a 30% trimethylamine (TMA) aqueous solution
at room temperature for 10 h, followed by the washing in a
1 M HCI solution and in deionized water (AEM-CI). The
AEM-CI film was immersed in a 1 M KOH solution at room
temperature for 6 h to give the AEM in the hydroxide form
(AEM-OH). This anion exchange process was entirely
performed in N,-bubbled water. The transformation of the
AEM-OH to HCO; form (AEM-HCO,) was examined in the

a
@) v rays N(CHa)s
Xylene 60 °C l l
-fCHyCH}
fCFCRa}
ETFE CMS-Grafted ETFE AEM-CI
(b)
N.,—salurated Air-salurated
MKOH ~ water Water
I AEMCI |——» ———» | AEM-OH |——» | AEM-HCO, |
CtForm OH-Form HCO; Form
Fig. 1 Preparation scheme for AEM. (a) Radiation

-induced graft polymerization of CMS into ETFE films
and subsequent quaternization of the poly(CMS) grafts.
(b) Anion-exchange reactions of AEM-OH with
hydroxide and bicarbonate anions.

air at room temperature, by a thermogravimetric analysis
(TGA) method.

Figure 2 shows the first deviations of the TGA profiles of
(a) AEM-OH, AEM-OH after exposure to the air for (b) 0.5,
(c) 1.25, and (d) 10 h, and (¢) AEM-HCO; membranes.
The bicarbonate conversion ratio in the AEM can be
estimated by dividing the height of the peak of 180 °C by
that of 240 °C. The ratio increased from 0.6 (AEM-OH)
continuously to 3.5 during the course of exposure to the air.
The ratio of the heights at 0.5 h is the half of that in
AEM-HCO;. This result shows that the salt formation of
the AEM with hydroxide anions, even at room temperature
in ten hours, transform to more stable bicarbonate form
following the absorption of moisture in the air®.
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Fig. 2  First deviations of the TGA profiles of the
graft-type AEMs: (a) AEM-OH, (b)-(d) AEM-OH after
exposure to air for 0.5, 1.25, and 10 h, () AEM-HCO,.
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A pre-irradiation grafting method is a fascinating
technique for direct introduction of new functional graft
polymers (grafts) into polymer substrates without any
damages. The radiation technique has been widely applied
to the preparation of high performance fuel cell polymer
electrolyte membranes (PEMs) for mobile electricities,
vehicles, and domestic co-generation systems. The PEMs
of aromatic hydrocarbon polymers, so-called “super
engineering plastics” including poly (ether ether ketone)
(PEEK), have useful characteristics such as high mechanical
strength, gas barrier property, and radiation resistance?.
Thus, in this work, we investigated the humidity dependence
of proton conductivity and mechanical strength at 80 °C and
relative humidity (RH) from 30 to 95%, which are the most
important characteristics for power generation efficiency
and durability under real operating conditions in fuel cell
systems.

Graft polymerization was conducted by the vy-rays
irradiation of PEEK films (crystallinity: 11%) with 30-
160 kGy, followed by the immersion in 50 wt% ethyl
4-styrenesulfonate  (E4S) in 1,4-dioxane to obtain
E4S-grafted PEEK films (grafted-PEEK) with grafting
degrees (GDs) of 39-133%. The grafted-PEEK films were
hydrolyzed in aqueous solution at 95 °C for 24 hours to give
poly (styrenesulfonic acid) grafted PEEK films (PEEK-
PEM) with ion exchange capacities (IECs) of 1.19 -
2.83 mmol/g.

Figure 1 shows the proton conductivities of all the
PEEK-PEMs in a RH range from 30 to 95% at 80 °C.
Under a humid condition (95% RH), the proton
conductivities increased from 0.061 to 0.34 S/cm with the
increases of GD. With the decreases of RH from 95 to
30%, the proton conductivities decreased by two order of
magnitudes, which were much smaller than those of other
aromatic hydrocarbon-type PEMs.

Proton conductivities of PEEK-PEMs under 30% RH
and tensile strengths (TSs) under 100% RH at 80 °C are
plotted as a function of GD together with those of
Nafion-212 as a reference in Fig. 2 (a) and 2 (b),
respectively. The PEEK-PEM with a GD of 133%
exhibited a compatible proton conductivity (0.0069) S/cm
and two times higher TS (21 MPa) compared with those of
Nafion.

In conclusion, the PEEK-PEMs possess the proton
conduction character being less dependent on RH than other
aromatic hydrocarbon type PEMs and superior mechanical
properties because hydrophilic grafted polymers show
clearer phase separation from the hydrophobic substrate,

thereby maintaining conducting channels even under dry
conditions and higher TS owing to the crystal structures of
the PEEK substrates.
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Fig. 1  Plots of proton conductivities with various
PEEK-PEM samples as a function of RH at 80 °C.
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We have recently tried to prepare the novel polymer
electrolyte membranes (PEMs) for fuel cell applications by
combination  of  the radiation-induced grafting
polymerization (RIGP) and atom transfer radical
polymerization (ATRP) methods? (see Fig. 1). The base
ETFE films were irradiated with 15-kGy y-ray in an Ar
atmosphere, and then immersed in styrene (St) /
chloromethylstyrene (CMS) mixtures for the RIGP. The
degree of St/CMS grafting, DOG;, was estimated by:
DOG; = (W;—Wy) x 100/ W,, where W, and W, are the
weights of the original ETFE and St/CMS-grafted films,
respectively. Next, for the ATRP, the films were immersed
in ethylstyrenesulfonate (ETSS) solutions, which contained
CuBr and N,N,N',N",N"-Pentamethyldiethylenetriamine
(PMDETA) as ATRP catalyst and ligand, respectively.
The ETSS graft chains were elongated from the Cl atoms in
CMS units. The degree of ETSS grafting, DOG,, was
estimated by: DOG,=(W,—W,)x100/W,, where W, is the
weight of the ETSS grafted film. Finally, the films were
hydrolyzed in pure water to introduce sulfonic acid groups.

Holmberg et al. previously prepared the PEMs by the
RIGP of CMS into PVDF films; the ATRP of St from CMS
units; and sulfonation of St units?.  What should be noticed
in their work is that the ATRP temperature was 100-130 °C.
At such high temperature, the following thermal
polymerization would take place. After the RIGP, some
part of the radicals produced by irradiation should remain
and react with oxygen in the air to form peroxides. These
peroxides were likely decomposed to produce radicals at
above 100 °C, initiating the polymerization. Accordingly,
we are sure that not only the ATRP but also the unexpected
thermal polymerization occurred in their experiment, which
made the molecular architecture uncontrollable.

To prohibit the thermal polymerization, the ATRP
temperature was fixed at 50 °C.  Figure 2 shows the DOG,
as a function of the reaction time. With no CuBr and
PMDETA, the DOG, was almost 0% regardless of the
reaction time, indicating no thermal polymerization. In
contrast, when the concentration of CuBr and PMDETA was
0.04 M and 0.08 M, respectively, the DOG, dramatically
increased with time. This was the first experimental
demonstration that only the ATRP occurred inside the
polymer films.

The ion exchange capacity (IEC) of the obtained PEMs
was estimated by a base-acid titration. Figure 3 shows the
IEC as a function of the DOG,. The IEC increased with
the DOG,, and reached the maximum value of 2.8 meq/g.
Our future work is to investigate the structures and various

properties of these RIGP/ATRP PEMs.
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Syntheses of platinum (Pt) nanoparticles have been
intensively studied for their application to polymer
electrolyte fuel cells (PEFCs), in which a sluggish oxygen
reduction reaction (ORR) on a cathode is one of the biggest
In this research, Pt nanoparticles were prepared by
ion implantation in glassy carbon (GC) substrates for the
first time"?. We expect that ion implantation and the
subsequent thermal treatment can achieve efficient growth
of the particles leading to high-performance catalysts with
less amount of expensive noble metal.  This report
describes our preparation procedure and morphological
properties of the formed Pt particles.

Figure 1 shows the preparation procedure involving Pt"
implantation in a mirror polished GC substrate followed by
electrochemical etching and thermal treatment.  The
implantation of 100 keV Pt" was performed at nominal
fluences up to 4x 10'® jons/cm’ in an IA1 chamber at the
TIARA 400-kV ion implanter'?. The depth profiles of the
implanted Pt were estimated by Rutherford backscattering
spectra with 2 MeV He" from the TIARA 3-MV
single-ended accelerator. The Pt concentration maximum
was found at a depth of ca. 35 nm.

The electrochemical etching made the embedded Pt
exposed on the surface so that it could function as PEFC
catalyst. The surface carbon layer was electrochemically
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Fig. 1  Schematic drawing of catalyst nanoparticle
synthesis by using ion implantation.

etched by anodization in a 0.1 M NaOH aqueous solution”.
In our experiment, the etching rate was estimated to be
50 nm/min. Finally, the Pt atoms on the surface would be
agglomerated during the thermal treatment at 400 °C in a N,
atmosphere to form particles.

Figure 2 shows a surface field emission-scanning
electron microscope (FE-SEM) image of the Pt-implanted
GC after the electrochemical etching and thermal treatment.
The bright-dot structures were clearly observed throughout
the entire image; importantly, these were not observed in an
unimplanted GC. Therefore, we can attribute them to the
resulting Pt nanoparticles. Their diameters were mostly a
few tens of nanometers. Electrochemical analysis in an

solution is
4)

acidic now in progress. The cyclic

exhibited characteristic peaks due to

hydrogen adsorption/desorption onto a metal-Pt surface.

The ORR activity was found as saturation current in a

hydrodynamic voltammogram using a rotating disk
)

electrode system®.

voltammogram
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lon Content of lon Exchange Membrane in

HI-1,-H,O Mixture
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b Department of Nuclear Engineering and Management, The University of Tokyo,
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JAEA has been conducting R&D on a hydrogen
production thermochemical water-splitting lodine-Sulfur
(IS) process as a heat utilization system using HTGR (High
Temperature Gas-cooled Reactor)Y. In the IS process, a
new cation-exchange membrane using the radiation-induced
graft polymerization method has been applied to the
electro-electrodialysis (EED) in order to enhance the

hydrogen iodide (H1) in HI-1,-H,0 mixture (HIx solution)??.

An EED model® for membrane permeation mechanism
claimed that the ion contents of the ion-exchange membrane
immersed in the HIx solution were important factors for the
optimized membrane design. In this paper, the I" content of
the HIx solution absorbed in a styrene-grafted
poly(ethylene-co-tetrafluoroethylene) (ETFE-St) membrane
and Nafion 212 was experimentally evaluated.

The determination of constitutions in the evaluated
membranes for HIx solution absorption was performed as
follows: the ETFE-St membranes (ion exchange capacity
(IEC): 1.1, 1.4, and 1.6 mmol/g) prepared by the radiation-
grafting method ? and Nafion 212 (Du Pont, IEC:
0.86 mmol/g) were used. The membranes dried for at least
24 h in a vacuum oven at 313 K. Each membrane was
immersed in the HIx solution for 4 h at 313 K. The HI
molality of the immersed HIx solution was varied as: 1, 4, 7,
10, 12, 13, or 15 mol/kg while the molar ratio of I, to HlI
was fixed at 1. The membrane was then removed from the
immersed solution and placed into an aqueous 0.5 mol/L KI
solution at 313 K for 1 h for extracting H* and 1,. The
resulting solution was titrated; the H* content could be
determined from the NaOH titration, and the I, content was
determined from iodometry. The I content corresponds to
the difference between the H* content and IEC.

Figure 1 shows the variation of I" content as a function of
HI molality in the immersed HIx solution. The content
(y-axis) was normalized by IEC, thereby enabling us to
evaluate the I content per unit sulfonate group in the
membrane. The respective ETFE-St membranes exhibited
a same level of I'/IEC ratio. The I" content of the ETFE-St
membranes increased with an increase in HI molality up to
7 mol/kg and then leveled off, whereas the 1" absorption of
Nafion 212 was minimal, irrespective of HI molality.

The noticeable difference between the evaluated
membranes would be ascribed to the 1, absorption of
membranes. Figure 2 plots the I, content per unit IEC of
membranes as a function of HI molality in the immersed
Hix solution. The I, content of ETFE-St membranes
steadily increase with an increase in HI molality, whereas

the 1, absorption of Nafion 212 was hardly observed. The
difference between membranes was explained by the
difference of the affinity of membranes for I,: the strong
affinity of the ETFE-St membranes was attributed to the
formation of the charge-transfer complex between |, and the
St species, which was precluded in Nafion 212%. In
addition, 1, was known to form the I3” complex, which
indicates that I in the ETFE-St membranes that can
accumulate plentiful I, could be stabilized as 13" complex in
comparison with Nafion 212.
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Applied-voltage Dependence on Conductometric Track

Etching of Poly(vinylidene fluoride)

N. Nuryanthi®”, T. Yamaki®, H. Koshikawa®, A. Kitamura (Ogawa)®, S. Sawada®,
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YEnvironment and Industrial Materials Research Division, QuBS, JAEA,
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Our efforts have been focused on ion-track etched
membranes of poly(vinylidene fluoride) (PVDF)'®. In
order to monitor the chemical development of heavy-ion
tracks, we have performed conductometric track etching, in
which the electrical conductance through the membrane is
analyzed during the course of etching. Fortunately, this
etching/analysis method gave us another option for
investigating the etching behavior, that is, the effect of the
Our first
experiments in this regard using surface scanning electron
micrograph (SEM) observations demonstrated that the
etching under the voltage application led to larger pore
diameters than that without the applied voltage*>. We
examined here the influence of the applied voltage on the
etching characteristics of heavy-ion-irradiated PVDF films,
using the parameters extracted directly from the
conductometric curves®.

A PVDF film 25 pum in thickness was irradiated with
450 MeV '*Xe ions at a fixed fluence of 3X 107 ions/cm’.
The irradiation was performed in a vacuum chamber of the
LD beamline at the TIARA cyclotron. The chemical
etching was then performed in a 9 mol dm™ KOH aqueous
solution at 80 °C in a conductometric cell. A 1 kHz AC
voltage was applied at an amplitude ranging from 0.1 to
3.0 V between the Pt electrodes. Assuming the cylindrical
pores, we calculated the effective pore diameter, d,, at any

voltage level applied to a conductometric cell.

given time from the measured conductance.

Figure 1 shows a curve of the d,; value versus etching
time. As clearly shown in an inset, the breakthrough time
was approximately twice shorter at 3.0 V than at 0.1 V,
meaning that a track etch rate increased by the same rate as
the breakthrough time.

We employed moderate etching conditions, that is, a pure
KOH aqueous solution without any oxidant additives,
thereby evaluating the process of pore evolution and growth
precisely'™®.  The final stage of etching reached dissolution
outside the latent track (i.e., bulk etching), where the d,; did
not appear to increase because of a negligibly-low bulk etch
rate. In other words, the d,; value in this stage can be
regarded as representative of the completion of the etching
process. Additionally, the etching time required to reach
the final d, is extracted and defined as 7.

The Ty value seemed to depend largely on the applied
voltages although the final d,; was constant at about 270 nm
for all the curves. It was difficult for us to estimate the
exact value of Ty by using the curves of Fig. 1, and so we

calculated the time derivative of d,, i.e., a radial etch rate.
Toward the final etching stage, the radial etch rate decreased
slowly and finally reached to zero; a period between the
beginning of etching and this moment corresponds to 7%.
We found that the T value was reduced by half with an
increase in the applied voltage levels from 0.1 to 3.0 V.
This reduction would result from the shortened
breakthrough time followed by the enhanced pore growth
represented by the higher radial etch rate. The observed
promotional effects of the etching process
rationalized by considering the electrophoretic migration of
dissolved species in and out of each pore”. Accordingly,
conductometric etching under different voltage conditions
offers the ability to control pore geometries by optimizing
the etching process in the transverse direction as well as in

can be

the thickness direction.
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A uniform-beam formation/irradiation system using
multipole magnets has been developed at TIARAY. For
the evaluation of the beam uniformity, the relative intensity
distribution is obtained from the optical density of a
radiochromic film (Gafchromic HD-810, Ashland Inc.).
However, the absolute fluence distribution is unknown since
it cannot be estimated easily and precisely from the
Gafchromic film. The actual fluence and its distribution
would be crucial to beam applications in materials and
biological research. In this study, the absolute particle
fluence distribution was evaluated on the microscopic level
using the track-etching technique, which involves the
irradiation of a material with energetic heavy ions followed
by preferential chemical etching of the ion tracks?.

Polyethylene terephthalate (PET) films (25 pum in
thickness) and Gafchromic films were irradiated in air with
a 520-MeV “°Ar uniform beam at TIARA. The kinetic
energy on the surface of the sample was estimated to be
approximately 330 MeV.  The irradiated area was
approximately 50 x 50 mm? and the average fluence was
1.0 x 10® ions/cm?, which was estimated from the beam
current, the irradiation time, and the coloration of the
Gafchromic film. A perturbed, non-uniform beam with a
different distribution was also employed for comparison.
The irradiated PET films were etched in a 1 M NaOH
aqueous solution at 80 °C for 10 min. After drying in a
vacuum, the samples were equally divided into 64 sections
of 6 mm square. The number of track-etched pores in the
central region (12x 17 pm?) of each section was counted
with a scanning electron microscope (SEM). The
irradiated Gafchromic films were read using a flat-bed
scanner in order to digitize them into TIFF images with
16-bit RGB color intensity values at a resolution of 500 x
500 um?. The optical density d was determined from the
red color value. A total of 64 square-grid optical densities
were extracted at intervals of 6 mm from the original
measured data so that the intensity distribution could be
directly compared to that of the PET film. For both the
track-etched PET and Gafchromic films, the uniformity of
the intensity distribution was evaluated by taking the relative
standard deviations (RSD) of the pore density and the d
value over the 64 sections.

Figure 1 shows the absolute fluence distribution obtained
from the microscopic track-pore densities of the PET film
irradiated with the uniform Ar beam. The density was
exactly the same as the absolute fluence, because the
track-pores formed on the PET film were the evidence of the
incident ions. It was found that the average track-pore

density for all the 64 sections was 0.9 x 10 ions/cm?, and
the RSD of the distribution was 12%, which was in good
agreement with the RSD obtained for the Gafchromic film
despite the large difference in the observation resolution for
the two films. From this result, it was revealed that for the
uniform beam formed in the system used in this study, the
uniformity observed in a microscopic region of 102 um? was
the same as that in a relatively macroscopic region of
10% um?.

The intensity distribution was also investigated using an
intentionally perturbed non-uniform beam for verification
with a different distribution. The average of the absolute
fluence was estimated to be 0.9 x 10® ions/cm®  The
maximum and minimum were 0.5x 108 ions/cm?® and 1.6 x
10® ions/cm?, respectively. The RSD on the PET film
deteriorated to 23%, which was again very close to that on
the Gafchromic film (22%).

On the basis of these observations, the present
microscopic technique for evaluating the beam intensity
distribution using the track pores was statistically validated
and confirmed to be highly reliable. Thus, the uniform
intensity distribution was microscopically revealed in our
uniform-beam formation system using the track-etching
technique.

50 15
K=
S
Ly ] [72)
E 5
S S
% 25 X 1.0
o
o
E 3
£ g
=)
> [
| 105
0 25 50

Horizontal position [mm]

Fig. 1 Microscopic fluence distribution of the PET film
irradiated with the uniform beam.
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Homogeneous Transesterification Kinetics of Triglyceride

to Biodiesel Using Grafted Fibrous Catalyst

Y. Ueki and N. Seko

Environment and Industrial Materials Research Division, QuBS, JAEA

Biodiesel fuel (BDF), which is defined as the monoalkyl
ester of fatty acid derived from transesterification of
triglyceride (TG) with alcohol, has been regarded as a
promising alternative to petroleum diesel fuel because of its
qualities such as carbon neutral, renewable and environment
friendly resources. = We succeeded in developing an
efficient and productive fibrous catalyst for BDF production
in previous study . The objective of this study is to
investigate the mechanism and kinetics of homogeneous
transesterification using the grafted fibrous catalyst.

The grafted fibrous catalyst with 3.6 mmol-TMA/g-
catalyst was used as a heterogeneous basic catalyst, and its
catalytic ~ performance evaluated through the
transesterification of triolein (purity: 60%) in ethanol (EtOH)
with a cosolvent such as decane. The detailed preparation
and batch-wise transesterification procedures are described
in our previous paper ".

Generically, the transesterification of TG with EtOH
using a basic catalyst consists of three consecutive reversible
reactions. TG is converted stepwise to diglyceride (DG),
monoglyceride (MG), and finally fatty acid ethyl ester
(FAEE) and glycerol (GLY) as following equations:

Overall Reaction:
TG + 3EtOH <—

was

3FAEE + GLY (63}

Stepwise Reactions:

TG + EtOH ‘t_i’ FAEE + DG @

DG + EtOH %» FAEE + MG )
4

MG + EtOH <‘;—Z> FAEE + GLY @

where k|, k3, and ks are the forward rate constants and k,, k,
and kg are the reverse rate constants. Although many
researchers have studied the kinetics of transesterification,
the majority of numerical models were derived from the
transesterification in a two-phase liquid system®. On the
other hand, in this paper, decane was used as a cosolvent in
order to form a single-phase mixture and to accelerate
transesterification. Therefore, the kinetic model of
two-phase liquid system couldn’t be applicable to the kinetic
model of single-phase liquid system. In this batch-wise
test, both DG and MG, which were intermediate products,
weren’t included in the crude triolein as well as during the
transesterification. That is to say, the reverse reaction of
Eq. (2) was not taken into account; the rate constant k, was
considered negligible. Consequently, the reaction rate of
TG could be defined as follows:
g =108 fra ecom] | ©)

where -rrg is the reaction rate (conversion rate) of TG and
[TG] and [EtOH] are the concentration of TG and EtOH in a

reaction mixture.

If the homogeneous transesterification using the grafted
fibrous catalyst is the irreversible second-order reaction with
respect to TG, a straight line plot can be obtained by plotting
the {1/([EtOH], — [TG]y)} x In([TG]o[EtOH])/[TG][EtOH]y)
versus transesterification time, and the slope of the line is
equal to the rate constant k;. As shown in Fig. 1, it was
indicated that this homogeneous transesterification using the
grafted fibrous catalyst was an irreversible second-order
reaction with respect to TG, because of its linearity. The
rate constant k; of the grafted fibrous catalyst and DIAION
PA306S were estimated to be 0.1194 and 0.0463 L/mol h,
respectively. The rate constant k; of the grafted fibrous
catalyst reached 2.5 times higher than that of DIAION
PA306S, although the same quaternized amine groups
(TMA-type) were introduced onto the surface of catalytic
materials. Furthermore, the linearity of the plot of the
grafted fibrous catalyst was maintained until finishing
transesterification almost completely. On the other hand,
the slop of DIAION PA306S was non-linear (curved), and
the value of y-axis was gradually decreased with the lapse of
transesterification time. This difference in the rate constant
k; was thought to be due to the difference in the
reactant-transfer mechanism of each catalyst. Briefly, in
the case of the grafted fibrous catalyst, the reactants could
be easily and immediately transported to the functional
groups by convective flow. Whereas, in the case of the
granular resin, the most functional groups of the granular
resin were immobilized onto the micropores, and the
reactants were slowly transported to the functional groups
by diffusion.
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Radiation-induced Graft Polymerization on
Polyethylene Nonwoven Fabric
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Radiation-induced graft polymerization has been applied
for many fields, for example heavy metal ion adsorbent,
Especially
for industrial manufacture pre-irradiation method, which

deodorant and surface modification and so on.

separates the synthetic procedure of graft adsorbents into
irradiation process and grafting process, is often adopted
because homo-polymer is little produced and these
processes can be conducted at different places. Between
irradiation and grafting process for pre-irradiation method,
irradiated trunk polymers should be kept at low temperature
not to diminish radicals produced in the trunk polymer. It
has been already known that the radicals in irradiated trunk
polymers inactivate gradually at high temperature and that
the amount of radicals has a large effect on the degree of
grafting.

In this study, focusing on polyethylene nonwoven fabric
as a model of trunk polymer, the radical decay kinetics in
the irradiated trunk polymer were studied by ESR method,
and compared with the results of grafting experiments to
show the guideline for sample preservation at radiation
grafting.

A few pieces of nonwoven fabric cut into 3 mmx3 cm
for ESR measurements and 2 cm square for grafting
experiments, were irradiated with a dose of 50 kGy by an
electron beam in polyethylene bags purged by nitrogen gas
and were kept in constant temperature unit at 20 °C. ESR
spectra of the samples after keeping for given time were
measured by ESR method (JEOL JES-TE300, Modulation
width 0.1 mT, Time constant 0.1 s, Sweep time 2 min,
Power 10 pW).
monomer solution prepared by mixing glycidyl methacrylate
(GMA), water, and Tween 80 at 333 K for 2 h by putting
into a water bath. The resulting sample was dried under
reduced pressure and weighed.

As a result of ESR measurements, ESR spectrum of
irradiated polyethylene nonwoven fabric were identified as

Radiation grafting was conducted in a

alkyl radicals of polyethylene .  These spectra were
The
radical decay in polyethylene has ever been interpreted as

first-order decay, second-order decay and so on®.

decayed as storage time in the air at 20 °C in Fig. 1.

However,
the radical decay of our results didn’t obey first-order decay
and either second-order decay, but obeyed the sum of two
different pseudo-first order decays as a following equation
in Fig. 2;
y=ylaexp(-k)+(1-a)exp(-kn} (1)

The results of grafting experiments showed the same

tendency as the radical decays that the degree of grafting

decreased with the storage time. Compared with the result
of the amount of radicals and grafting experiments, these
values were one-to-one relation. This means that the
degree of grafting can be calculated by the storage time and
eq. (1) in the case of the same preserving condition and
grafting procedure. From this experiment results and
calculation, up to 32 h the polyethylene nonwoven fabric
can be kept at 20 °C in the air to obtain 100% of the degree
of grafting.
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Fig. 1 The decay of alkyl radical of polyethylene as
storage time.
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Fig. 2 Radical decay (Experimental) and simulation curve
by the sum of 2 pseudo-first order decay (Simulation) at
20 °C with the dose of 50 kGy.
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Although more than two years has elapsed since the
accident of the Fukushima Daiichi Nuclear Power Plant, the
decontamination activity has been carried out presently.
The region except the on-site, radioisotopes such as **Cs,
1¥Cs and etc. in environment water has been low
concentration. However, results of monitoring
investigation of drinking water in Fukushima, which
resource is well water and stream water, showed *’Cs was
detected 6 of 436 samples?. Therefore, securing safety life
water is demand.

We have developed immediately a grafted adsorbent for
removing Cs just after this accident?. This adsorbent has
sufficient results to remove radioactive Cs in the
environmental water almost completely. However,
ammonium 12-molybdophosphate (AMP) which introduces
as the adsorbent functional group releases easily. It is not
problems because there is not standard of Mo for wastewater
treatment and environment. In the case of applying it to
drinking water, it becomes potential impediments. In this
study, the improvement of adsorbent by introducing bridge
structure for hardly to elute AMP was developed.
Introducing bridge structure was investigated by adding
crosslinking reagent to a monomer as follows.

The adsorbent was synthesized by the following
procedure; nonwoven fabric irradiated with an electron
beam of 50 kGy was grafted in a monomer composed
10 wt% of glycidyl methacrylate (GMA), 90 wt% of
dimethyl sulfoxide (DMSO), 0.8 wt % of Tween 80,
0.4 mol%/GMA of AMP and from 1 to 10 mol%/GMA of
polyethylene glycol dimethacrylate (4G, 9G or 14G) or
triallyl isocyanurate (TAIC) as the crosslinking reagent.

The efficiency of synthesized adsorbent was investigated
by batch experiment, in which it cut into 1 cm? (0.02 g) was
immersed in 50 mL of 50 ppb Cs solution and stirred for
24 h. Figure 1 shows the results of batch experiment of
each adsorbent. It was clarified that amount of eluted Mo
from adsorbents introduced with bridge structure was less
than that without the bridge structure. Further, amount of
adsorbed Cs of most adsorbents introduced with bridge
structure was more than that without the bridge structure,
and some of adsorption rate were over than 97%.

As the results of investigation by the external
organization, this adsorbent developed satisfies the food
sanitation law and the water supply law. Figure 2 shows
the water purifier manufactured. The original cartridge
was replaced with incorporated adsorbent developed.
Monitoring test of the developed adsorbent attached to

faucets of common household has been carried out in
Fukushima, in which natural water like well water and
stream water is used for life water because there is not
public water service, with the cooperation of the public
office for one year from March 2013.
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experiment. The notation in a figure shows name of
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Fig. 2 The photograph of water purifier incorporated graft
polymerization adsorbent.
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Development of a Grafted Filter for Radioactive Cesium

M. Nakano®, T. Mikami®, T. Shibata®, N. Kasai® and N. Seko®

K urashiki Textile Manufacturing. Co., Ltd.,
b)Environment and Industrial Materials Research Division, QuBS, JAEA

The filtration media to remove radioactive cesium in water has been developed by radiation graft polymerization

technology.

In this study, ammonium phosphomolybdate having cesium adsorptivity is grafted onto nonwoven fabrics to be
the filtration media, and the media can rapidly adsorbed cesium ion from water.

The performance is featured particularly

when applied to purification at extremely low concentration and it could adsorb down to the detection limit concentration (<

10 Bg/L).
carried out for one year in Fukushima.

BUTE, RIS TR B LT U E M & B3 A 18 IH{EZE
DAHESD HAU, A X Ik H38E R 1 AR R Y (i X ek 0SB
Tl PR X g 22 I B B SN DN 2 TE WD, b
DOFIETIE, EiE (GBI X TEROLDOD, FFEDT=HD
R AP EREAR E DR Al SN TR, B A o LiF A
KOMERNERELR>TND, Tz, BEICARBRS L= Kk
IZEBWTH, ZLLIZKOBHFE RO LI THOHIRIUZH
b, ZZT, BERT 7 NEA HNETE AL T, Mg ET
KANIRIFET DB T DAL % RITHHE T REZR R
bR 2B L, KB A O 7 V& —E LTl LTk
BIZHOWTHE T2,

BRYAEBE AR 13, BREMSOM TR B fEED
B T 2 RASTH YN AR LRV BRI N D700, 2h
DO R ZNT-TBEAF D& 5y T BHZ BT A&l Al
RE7RRERE AT 5 Uiz, MM 0GR TIX, o THEM O
FRRATRIAE I E R RS T CE % 50 kGy FERHL.
WNT, B2 —LLTHUL DN AZZYL — (GMA) 52
F7NEAIE, B/ KT, GMA 10 wt%lZUEY
TTFURRT = L (AMP) % 0.4 mol%-GMA Jlz7=b
DIZBEBAIELTORNI TN AT XL —h (TAIC)
5 mol%-GMA iz CFH%EL . 40 °C T 2 B SH, B
a7,

TERIUT- R B 0 DA RO FEATIIX, 80 Ba/L @
BEEE T AR SN H T AKE 045 pm KON
0.1 um D RIS S TR DT =A > R O F A 24
T DAF RS TOBRE TETITEFLE
56 Bg/L D& U ABRIFL TODIHFKRERRIZL T
Bz, WAERREMERIL, BT ALK RN R D
T WA TERE T LW ERBR ATV, WHLFI OB D
LPREZREL TR LTz, Ny F R ERBTIX, A
(¢35 mm. 0.18 g) IZHIV H L 7= FtEdt 2 H A K 2 ER B L 7=
ARUBRIZHEEA L, 17 REEZIE R AT o7, Fio, T L%
HRBRTIZ09 mm IZEIV L4 1.3 mL 207 Al
AR Fr b S ADNE: SRV ARG i Y 7 ek 2
fihxt72 (Fig. 1), ZDORER, o FWAERBR TIZ, 17
Rl O HF A TITIZ B T AT IHEN D -T2, F
T2 AT LR ERBRICE W TH, Ny F RSB IZ i

TKI 4 EEDFFKEIBIKL  EA LT =K 172,

BRI 1/100 THo7210b 2053, # H R AU
PUFETRETHILENTE (Table 1), Zhud, BARLE
77 MM DS, FERFRE CERICEI T LAERETE
HIEHERLTWD, £ T, ZIWHDOR S Z RS AT 727K
SLERF OB LU CHBE A KSR O BRI BB LT,

Based on these results, a water purifier with the grafted filter was developed, and monitoring test of it has been

KERELTEAT D720, M L0BEMERE
D AR KB E R T2 9K TE R O BN AED
FERHD, BT LT EMITIEREIZ AMP &/ ETE TV
DLIEDHERTE, T, B OARARHE DB HLIR
HIMELL T CHHZ MR LTI, HKER I ASA T 720
DOH—R) o OFEIZE T LT, I—N o iE, BEICHLH
ELTHEASNTODFEEM G KD TV 7 %F
L. BT — Ry 5 TR LT SR 2 TR 5720
THEAZATRRICLIZO T, 2l CEMEM D B ik EREL
THRYWET LN T (Fig. 2),

BAFE L7z ik, BIER B RN T =7 —WBha
B THY, TR | ST U AOHERE
TR E MR U1 AR P7RpE S DI GER HERL T\,

Fig. 1 The batch mode adsorption test (left: Test 1) and
column model test (right: Test 2).

Table 1 Results of adsorption test for Cs removal.

Conc. of radioactive Cs ion
(Bag/L)
Well water sample 88.0
Test 1 (batch) N.D.
Test 2 (column mode) N.D.

Fig. 2 The photograph of water purifier.
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The Influence on the Vulcanized Rubber Physical

Properties by Radiation Grafting

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

»Mitsuba Corporation,
b)Environment and Industrial Materials Research Division, QuBS, JAEA

In this study, a hydrophilic monomer, namely, methacrylic acid (MAA) was grafted on vulcanized rubber surface by

simultaneous electron beam irradiation.

With the surface-modified rubber, we measured the abrasive wear resistance,

mechanical characteristic and thermal resistance, and found that the mechanical characteristic and thermal resistance

decreased compared to the initial rubber.
grafting is equal to or lower than 2%.

T2 TN ETITRSRS T 7 EASEEAWT, 24
DOFREE BT DI A B E 3 72<
DO EEFENE BN BT R T U = A DB IS
7o EBICHLEM T IR W TR E G = LD EEERY)
WKL T 1/30 I FE TR 9 AR O R B0 70K VT R B2
Bptha U2 Y, ARWFZECIE, K BAO72 BRI A 2o 3
FOFAIE W= OB R DUV TRERR L7,

I LFEMNI— AR 7 Ty 7% EA LT NBR v —a
Tz, EDOT—NMNIAZ 7 VEE (MAA) Z B H7-1% |
JIEEE 2 MV, EIRME 1 mA, BE#RE 5~15 kGy ©
M CEBRAIRERE 77 NEAEIT 572, IRWT, K
WAL VD ATT VA VEREIT, BNET 2R ESE
BUKMET LY — Bz, BonizTd Ly — M W T, it
PEFEMEZAER . Wet condition COREIT IR EE I E B, KA
ERBRE LML 7,

Figure 1 1% MSE (Micro Slurry Erosion) 12X A EERE
PERFlZ R L2 D ChDH, ARBIL 1 pm DT /LIT R
ZRETRA SHTORAE TN S 7o RO BERER S TR
LCWD, 777 ML LISKTEE N CIRBEEL T 5L H
SB[ 29, B T 4 A7 5B TR EE AL
DEETHALL CUODALE L D J57 AT EEREM X o7 Y
DITHL T, AR TIIM BRI D EFE RIS 3572
D UVERT D J57 DI EEEEVE I TR o 72, ZORE R ITEEEED
SHFIZIY, FERIFKREEDDHIELERL TN,

Figure 2 13277 MRELREEITRE DOBIFRIC DWW TRLIZ
HDTHD, Wet condition TORZWIHREEIZDOWCHEE 35
LT TTRE 2% E ETIINIH DELFE THDHA, 2%%
BT B ICAIITIR FL Q0D 2 Wet T A 2 7R~
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Fig. 1 Relationship between the weight of projectile

particle and the depth of abrasion.

There is little difference in initial rubber and grafted rubber, when degree of

L. ZF7 REOEIMIE RIEHLE D _LFRHUVEST,
T LT F LR OR B> T T Iy 7 3B LT
WK, BIITIR T 95525,

Figure 313777 MR EKAEDBIRIZOWVTRLIZE D
Thb, 7 T77NROMENMEHITKABITE TFLTCNED,
T 57 REE 2%FE B E TR DK IELHERF L T,

DL EDOFER LT R R 2L FE T THIT, AR
JERPKAEL N SToT MO B E KT SNZen
HeR STz,

Reference
1) H. Saito et al., JAEA Takasaki Annu. Rep. 2011 (2013) 45.
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Fig. 2 Relationship between the degree of grafting and the
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Radiation-induced Crosslinking of

Poly(butylene adipate-co-telephtalate)

N. Nagasawaa), M. Akaokab), M. Tarnadaa), H. Mitomo® and M. Taguchia)

YEnvironment and Industrial Materials Research Division, QuBS, JAEA,
P acility of Engineering, Gunma University

Poly (butylene adipate-co-terephthalate) (PBAT)
synthesized by polycondensation is a completely
biodegradable aliphatic and aromatic polyester. PBAT is

decomposed into harmless water and carbon dioxide by
microorganisms in the soil. Therefore, PBAT is expected
to be utilized for applications in trash bags and disposable
packages. The high thermal stability is, however,
necessary for expanding their applications.
Radiation-induced crosslinking is an effective method for
improvement of heat stability of polymer materials.
Therefore, this technique was applied to produce the
crosslinked poly(L-lactic acid) PLLA and polyamidell
(PA11) with crosslinking agent, triallyl isocyanurate
(TAIC)"?. To improve the thermal stability, radiation
effect on crosslinking of PBAT with TAIC was investigated.
PBAT and TAIC were supplied by BASF Japan Ltd., and
Nippon Kasei Chemical Co, Ltd., Japan, respectively.
PBAT was dried in vacuum at 40 °C for 12 h before use in
the experiments. PBAT was different
concentrations of TAIC at 180 °C for 10 min in a
Laboplastomill model 50C150 (Toyo Seiki Seisaku-sho,
Ltd., Japan) at a rotor speed of 60 rpm. The PBAT films
with and without TAIC were prepared by hot-pressing at
180 °C for 5 min.
polythene-nylon bags and vacuum-sealed and irradiated at
different doses up to 200 kGy with an electron beam (EB)
accelerator.

mixed at

The films were enclosed in

The acceleration energy and beam current
were 2 MeV and 2 mA, respectively.
The gel content was estimated by weighing insoluble part

100
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Gel fraction (%)

20

2
0 50

100
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150 200

Fig. 1 Relationship between irradiation dose and gel
fraction of PBAT films with various concentration of
TAIC. 4:TAIC 0 wt%, O:TAIC 0.5 wt%, <:TAIC
1.0 wt%, @: TAIC 2.0 wt%, [O: TAIC 3.0 wt%,
A:TAIC 5.0 wt%.

of the crosslinked PBAT film after immersion in chloroform
for 48 h. The crosslinking structures are formed in PBAT
films without TAIC (0 wt%) irradiated at 200 kGy.
However, in the presence of TAIC, gel fraction of the films
represented to the crosslinking density increased with TAIC
content and radiation dose as shown in Fig. 1. Gelation of
the irradiated PBAT with TAIC is higher than that of PBAT
without TAIC at the investigated dose range from 10 to
200 kGy, indicating that the crosslinking structures are
effectively formed with TAIC. The thermal stability of the
crosslinked PBAT films was estimated by a
thermo-mechanical analyzer (TMA). The -crosslinked
PBAT films have excellent properties as demonstrated by
retention of original shape even at temperatures higher than
melting point (115 °C) as shown in Fig. 2.  The
biodegradability, which was estimated by enzyme test using
Lipase AK (incubation at 55 °C, pH 7.0), of the crosslinked
PBAT film was similar to that of non-irradiated one. As a
result, the crosslinked PBAT after usage would undergo
biodegradation by naturally existing microorganisms.
Therefore, the crosslinked PBAT with TAIC by
EB-irradiation was found to be thermally stable and keep
biodegradation enough for expanding applications.

References

1) N. Nagasawa et al., Nucl. Instrum. Meth. Phys. Res. B
236 (2005) 611.

2) T. Tago et al., JAEA Takasaki Annu. Rep. 2011 (2013)
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Fig. 2 TMA heating curves of PBAT film with 3.0 wt%
TAIC after EB-irradiation under the vacuum.
a) 0 kGy, b) 30 kGy, c) 50 kGy, d) 100 kGy.
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Effect of Gamma-rays Irradiation on Concentrated

Aqueous Solutions of BSA, DNA and Their Mixture

H. Okamuraa), N. Nagasawab), K. Furusawa® and T. Dobashi®

a)Departmental of Chemistry and Chemical Biology, Graduate School of Science and
Technology, Gunma University,
® Environment and Industrial Materials Research Division, QuBS, JAEA,
9Faculty of Advanced Life Science, Hokkaido University

We have prepared BSA (bovine serum albumin) - DNA gel particles using gamma-rays irradiation in aqueous

concentrated solutions of DNA and BSA mixture.

The turbid and UV absorption suggest formation of nano-sized particles

by irradiation in aqueous solutions of BSA and BSA-DNA mixture.

F P ARD TR SORLT 1T, BRARREYE/ 2 E DIE
WIRFRICEB W T, R L L CORH R HIRSN T
WD, ZOIIRMEHI M EESNDFML LT, ARice-
THETRWIE, BWEEREFFOZERENRFEITHND,
F IV A XDk FER G D —2E LT, BIF A
KRy RET 2 LI 0T 7P VDR ESN DT L
DIRESNTNEY, ZOVTF T /7 VORI 1.0 x
107 wt%d, 2D A 2 KR TIThbh b=, A4
PERNRNEL 2, TEMSATEAICE, Lomik
ECH I NECEDLLI R ROBENEELN, — 7,
HOEERE D TEZDOXIR T I T NETERT D0 E DD
13, SRR RE R 5T S L DAERLE WSS SR
EHURE W, 22C, AT, AR o 7L T,
R & IS AR CEBFIMTE T V72 (BSA)E DNA O
IKYATR ., FNHDIRA KR T By O RRZhRIZS
WTIATE,

BSA (Cohn Fraction V, pH="7.0, F1JEHi%E) O 1 wt¥%rk
R E ., 7 A7-H 3k DNA Mw=259 kDa, </L/\=F11)
D 0.1 wt% KR A % B L . BSA/DNA IR G 7KL
T 72, ZORA KB ICHRESR 10 kGy/h, FRE 5~
20 kGy OFIPAT CCo-y M CHHNEIT72, Fiz, Ml
MRELT 1 wt% BSA KIRHEE 0.1 wit% DNA /K4 7R
L. FED &R #1To 72, REEEHC YW TE M
BT 501, SR AI WL ORIEEFT T2,

Figure 1(a) ~ (c)iZyFRRH 2 DK KB D EETHD,
(a)® BSA /KT, 15 kGy ML ETHBILBIZSH
TR EEE L CHIRER T 2281380072, 2028
T IV AXDEE IR E NPT RSN R T 5, —
J7. (b)®D DNA /KA CIE B HIC LA bIT oo
720 (€)? DNA & BSA ZIRA L/KIRIE CIE, FIUHRET
PRI L 72 BSA ZKIAIHE SO BRI BT A k4528
Dol yBEICIoTHBLEZR BT, L&
220 nm DAL TV T ANZ—THBLTHT X THELZ
FETHoZ, ZOZEIE, 220 nm IV /PSR REEDORKL
FMEREIN TNDZEERIBL TN, Fo, w5 T O
ELREEEATHIEICED, KRESO RS IV AXD
b AEERINT,

WAT, IR B KSR O BRI UBHT e B 2R A R I A~
MDA BR BB O AR AT ML E W e A
JWMV% Fig. 2 1T T, ZORERND, BEOHEMEEHIC
T E F A DO WE R TOWUL AN SEINTH KT 52 L3
2Tz, Zhud, B THEBBBIESLRD 2T 5 kGy Th
STHAHNOREE RIS, DNA &5 H L THDHD

EERIEL TS,

YA EOFERD G| BB SR ORIENC LY, @I E TS/
P A X0 BSA/DNA AR DOIERD AR T D2 EHVy
D30Tz, WKOWDFHAAFNL DNA [T/ H—HL—R
HZEBFILNTNHZEND Y, Bi%E L7 DNA 25475
BARL TR RE AL L COE ARSI,
References
1) K. Furusawa et al., Colloid Polym. Sci. 283 (2004)

229-33.
2) K. Furusawa et al., J. Biomater. Sci. 19 (2008)1159-70.

3) V. A. Bloomfield et al., University Science Books,
Sausalito, California, (2000) 535-96.

Fig. 1 Photographs of samples irradiated with different
doses; (a) BSA solutions, (b) DNA solutions, (c) BSA/
DNA mixture.
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Fig. 2 Differential spectra of BSA/DNA mixture before
and after gamma-rays irradiation.
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Treatment of Chlorinated Antibiotics by

Oxidative/Reductive Species under Ionizing Radiation

A. Kimura and M. Taguchi

Environment and Industrial Materials Research Division, QuBS, JAEA

Drug resistant bacteria, which have low chemo
sensitivity, proliferate in the water environment exposing to
high concentration of chemotherapeutic drugs, especially
antibiotics, from household, domestic animals, medical
treatment site, waste disposal plant and so on". The
concentrations of the antibiotics in the water environment

increased gradually because of the population growth and

diversification of advanced medical worldwide.  The
antibiotics have been also detected at the downstream of
water  treatment  facilities, indicating that the

physical-chemical treatment and activated sludge system
could not remove them completely. Advanced oxidation
technologies (AOTs) such as ionizing radiation method,
ozone / UV photolysis, Fenton-type oxidation and so on are
investigated for effective decomposition of the persistent
antibiotics in real wastewater. The ionizing radiation can
produce oxidative and reductive species homogeneously in
particular. The purpose of this work is to treat persistent
chlorinated antibiotics by the ionizing radiation method.
Rate constants of the antibiotics with radiation-induced
reactive species were investigated by a competition reaction
method and pulse radiolysis method in the previous study .
Decomposition efficiency of chlorinated antibiotics in real
wastewater by the ionizing radiation methods was simulated
using the experimental results.

Chloramphenicol (CP) was selected as experimental
samples because it is consumed a lot for the domestic
animals and medical treatment site, and detected in the water
environment ). CP was dissolved under aerated condition
in real wastewater at the amount of total organic carbon at
about 50 mgC dm™, which was collected at an influent of
the water treatment facility of Gunma Prefectural Sewerage
Management General Office. The y-ray irradiations were
carried out at 293 K at Japan Atomic Energy Agency
(JAEA), Takasaki to the doses in the range from 50 to
1,000 Gy. CP in the wastewater was treated by
combination of the activated sludge system and the ionizing
radiation method, and its decomposition behavior is
calculated on the basis of chemical kinetics.

Concentration of chloramphenicol (CP) was reduced
almost zero at 1 kGy as shown in Fig. 1, on the other hand,
sulfa drugs as typical antibiotics were eliminated in real
wastewater at 0.5 kGy of y-ray irradiation . CP is
considered to have a lower reactivity with hydroxyl (OH)
radicals than the other aromatic antibiotics because it has
phenyl ring substituted chlorine and nitro groups as electron
accepters.  Decomposition efficiencies of CP by the
radiation-induced OH radicals would be interfered by the
organic carbons (OC) in the wastewater, and decreases in

the concentrations of CP in the wastewaters were simulated
by use of the rate constant of CP with OH radicals
(1.6x10" mol" dm® s™) obtained in the previous work 2.
G-value of OH radical is set at 2.7 molecules 100! eV ¥,
and the concentration of total organic carbons is set at
50 mgC dm™ near to the average value of real wastewater
samples in this experiment. The rate constants of many
organic compounds with OH radicals are reported to be
about 10° - 10'" mol! dm’ s ¥, and the rate constant of OC
with OH radicals in the simulation is assumed to be 1 X
10® mol! dm® s Simulation curve for the decomposition
of CP in wastewater by OH radicals is shown by dashed line
in Fig. 1, and the result is not agreement with the
experimental ones. The other AOTs use OH radicals for
decomposition of antibiotics, so they also need the similar
OH radical concentrations corresponding to 3,000 Gy by
y-rays. The y-ray irradiations produced hydrated electrons
as well as OH radicals, and the former attacks on chlorine of
CP. The rate constant of CP with hydrated electrons is
reported to be 3.6x 10'° mol”' dm® s'?. The rate constant
of OC with hydrated electrons is assumed to be 1.0 x
10" mol™ dm® s because the rate constants of many organic
compounds with hydrated electrons are reported to be about
10*-10" mol™" dm® s'®.  The simulation curve considering
the reaction of CP with OH radicals and hydrated electrons
fits well with the experimentally obtained CP concentrations
as shown by solid line in Fig. 1.
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Fig. 1 Decomposition of chloramphenicol in real
wastewater by ionizing radiation (square) and its
simulation curves by hydroxyl radicals (dashed line), and
hydroxyl radicals and hydrated electrons (solid line).
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Immobilization of Denitrifying Bacteria to

HPC Gel Medium Synthesized by EB Irradiation

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

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

A gel medium for denitrifying bacteria was developed using a radiation-induced crosslinking technology of

polysaccharide.
(HPC).
experiments were carried out using the HPC gel.
immobilized to the HPC gel medium.

TRRHEFEAK A EIT—MIC, Z DR EMECHE 1)
SAEYZER T a2 AZLVAEIN TN D, LOLRRE,
A ORBEREZ R+ DAL T EIZ OV TE, REITETE
DREBIHETIZE, RBEHORERIEHY DX
NUIZHE L TR WL, T =2 T a xR EW &
7REORMBEB LRI EVIE RSN T D, REVGRBEEED
IO R B BR B RE O U= 1T LT, BUSHEIZ 1T
DA B RIS ELZENARTHY ., IHIEIHIRIEIC
ML Tk, 2N ECHMAEDREE KSR ICEER AT
AR ARE W IHRERE OEEL T o ANRESN
TWD, HIEOMEEL T, TIAF IR =F L7
ER—RIZFIHI TN, ARRFSETIL, BRI L CER
L7=HPC 7 )VERAMIRL L THWAZEEREL, T0D
M IZ DWW T EBRIITHREILT-, EReFs a1kl
—A(HPC)7 /L DB T BAMEEIC I BB, 7Ly R0
HROBE >, BLORLHIE O EL R Ok RL
V. BRI T HPC 7 VTR L TR W REE & 2 b,
ZZ T, HPC K~ BLZE M ORI AE EL o FHE
POV TRRGET LT,

HPC & 2 H i 85 230 TR C L O A IR L C
HPC 7 VA IKZ BRI 7=, HPC #EE I 30%. #REIIE T
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TV X FEBRBLGEG 0, 1, 3, 7, 15, 21 BRRICR)IGHE
VIT o7, o TV TRBHZOWT A F v ra~< 57

The gel medium consisted of the culture solution for denitrifying bacteria and hydroxypropylcellulose
The gel was readily insolubilized by the electron beam irradiation level of 20 kGy. The denitrification
The experimental results showed that denitrifying bacteria was selectively

4% W CHASERA A (NOy) BLORERA 4 (NO5y) D
BEREERIELL,

iz FEBROFE R (NOs, NO, IR E ORI k) & Fig. 1
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FERBHAGI & EBRE T RECITR 15%0D NOy M A LTz,
DO IEEENBINTHRTETIE NOyIRE DR 3 TE
722G, DOREED 523 % SOE OEIT2H Lz &
Bz HND, T, EBRBIAT 3~7 BTN T NOyRE
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Estimation of Damage Localization in DNA Irradiated

with lonizing Radiations in Water

K. Akamatsu and N. Shikazono

Medical and Biotechnological Application Division, QuBS, JAEA

1. Introduction

It is known that DNA lesions induced by ionizing
radiation and chemicals can cause mutation and
carcinogenesis. In particular, ‘clustered damage’ site, that
is a DNA region with multiple lesions within one or two
helical turns, is believed to be hardly repaired. This
damage is considered to be induced, e.g., around high-LET
ionizing radiation tracks. However, detail of the damage is
not known. We have already developed a method for
estimating degree of localization of  apurinic/
apyrimidinic(AP) sites on DNA using Forster resonance
energy transfer (FRET). The FRET efficiency (E) was
calculated using the donor fluorescence intensities
before/after enzymatic digestion of the labeled AP-DNAD.
Now we have tried to apply the method to “He?*- and ®°Co
y-irradiated DNA.
2. Experiments
eSample preparation and He beam irradiation

Plasmid DNA digested by Sma | was used (linear
formed).  One hundred microliters of the DNA ag.
(0.5 g/L) was transferred to an irradiation chamber (Fig. 1),
and was irradiated at TIARA with “He?" beam at room
temperature with the linear energy transfer (LET) of ~ 70
keV/um (TC), which was controlled by a depth-tunable cell
irradiation equipment.  %°Co vy-rays (Kyoto University
Research Reactor Institute: KURRI) were also used as a
standard radiation source.

Kapton®
0.0075

“~ 40 ” ac.r\yl' resin plate
Fig. 1 A prototype of irradiation chamber (mm).

ePreparation of fluorophore-labeled irradiated DNA and
the fluorescence spectroscopy for FRET observation

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 a mixture containing AF350 (donor
fluorescent probe) and AF488 (acceptor one) with a given
molar ratio was added to the DNA solution and was
incubated for 24 h at 37 °C.  The fluorophore-labeled DNA
was purified by ethanol precipitation. Twenty microliters
of water was added to the residue. The fluorescence
intensities were measured both at 449 nm (ex. 347 nm for
AF350) and at 520 nm (ex. 460 nm for AF488). After the
measurement, the enzyme cocktail containing DNase | and
phospho- diesterase | was added to the solution, and it was
incubated for 2 h at 37 °C. FRET efficiencies (E) were
calculated from the donor intensity before/after the digestion.

3. Results and Discussion
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Fig. 2 Relationship between absorbed dose and AP density for He
ion beam (m) and *°Co y-rays (e).
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Fig. 3 Relationship between AP density and FRET efficiency for
He ion beam (m) and ®Co y-rays (e). The dashed lines
indicate theoretical lines for randomly-distributed AP in DNA.

The He beam is stopped completely by DNA ag. (1 mm
depth, see Fig. 1), and all of the energy is transferred into
the solution. It should be noted that the energy deposition
may not be homogeneous although diffusion of DNA
molecules can be promoted by vibration of the chamber
during irradiation. Figure 2 shows clear difference in the
AP density (the number of AP sites produced/total DNA
base pairs in the solution) between these radiation sources.
Elimination of OH radicals by recombination would be
responsible for the low level AP production for the
high-LET He beam. In Fig. 3, decrease of E for ®Co
y-rays would be caused by gross fragmentation of DNA due
to the numerous lesions. More data of lower dose region
are needed. The E values for He beam are much higher
than those for randomly-distributed AP. He beam seems to
produce clustered AP regions more frequently than random
case. However, deeper consideration in heterogeneity of
the energy deposition should be important for more proper
estimation of the damage localization. Improvement of the
irradiation system may also be needed.
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The Effect of Radiation Quality on Growth-medium

Dependent Survival in Escerichia coli

M. Sakai®®, M. Takahashi ), N. Shikazono ® and K. Awazu®

? Division of Sustainable Energy and Environmental Engineering, Graduate School of Engineering,
Osaka University, %) Medical and Biotechnological Application Division, QuBS, JAEA

Clustered damage is induced by ionizing radiation and is
considered to lead to deleterious effects?.  Their yields and
configurations likely depend on the radiation qualities,
which is defined by the ionization density along the particle
track, in most cases characterized by LET (linear energy
transfer) 2. Although medium dependence of survival
after X-ray exposure has been found in Escherichia coli?, to
what extent the medium-dependent effect is affected by the
ionizing density of a radiation, which is usually related to
the linear energy transfer (LET), remains unclear. In this
project, we aim to find out whether radiation quality affects
the medium-dependent survival. Here, the results of the
effect of growth medium on survival of Escherichia coli
after exposure to He ions or X-rays are presented.

The cells of CSH100 (wild type E. coli) were incubated
in rich liquid medium (LB) at 37 °C. Cells (2-3 x 10%)
were filtered through a nitrocellulose membrane of a
diameter of 1.3 cm. To prevent cells from drying, the
membrane was placed on a filter paper pre-wetted with
300 pL of 0.15 M NaCl solution with 20% glycerol.
Subsequently, the membrane was placed on 0.15 M NaCl
agar in a Petri dish, and then the dish was covered with a
polyimide film (Kapton film, 7.5 um thickness). Cells
were irradiated with He ions (at dose rates of 1~4 Gy/sec) or
with X-rays (at a dose rate of 0.47 Gy/sec). The LET of
He ions was altered by placing a Ni foil with a thickness of
300 pum in front of the sample. The LET of the sample was
estimated to be 89 keV/um by the ELOSS code. After
irradiation, cells were either directly plated on rich/minimal
plates or plated on rich/minimal plates after incubation in
liquid medium. Survival of cells was determined from
dividing the number of survived clones after irradiation by
the number of clones that was mock irradiated.

The survival of E. coli wild-type cells plated immediately
after irradiation decreased exponentially with increasing
dose of both X-rays and He ions (Fig. 1). The survivals
were not significantly different between the two types of
radiation, except that there was a rich medium-dependent
increase of survival after X-irradiation but not after He ion
radiation. To find out the duration of medium-dependent
radioresistance, we next looked at the survival of cells
incubated in liquid rich medium after irradiation. The
numbers of unirradiated cells increased approximately
10-fold in liquid rich medium (data not shown). The
growth rate was reduced with increasing dose of radiation,
probably due to both cell death and growth arrest. Cells
that were incubated for 2 h after X-irradiation showed no
enhancement of medium-dependent survival (Fig. 2).

It is noteworthy that the growth-medium dependent

increase of survival was observed only when cells were
incubated in rich medium both pre- and post-irradiation, and
not when cells were grown in minimal medium either pre- or
post-irradiation (data not shown). This indicates that a
specific physiological state is induced by X-rays in rich
medium. The absence of medium-dependent increase of
survival after 2 h post-irradiation incubation indicates that
the induced state is sustained for no longer than 2 h. The
lack of medium-dependent resistance after He-irradiation
lead us to suggest that the physiological state is unchanged
by irradiation or that the induced state can only cope with
less complex X-ray induced DNA damage.

References

1) N. Shikazono et al., J. Radiat. Res. 50 (2009) 27.
2) H. Nikjoo et al., Radiat. Res. 156 (2001) 577.

3) N. Sargentini et al., Radiat. Res. 93 (1983) 364.
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Fig. 1 Survival of cells plated immediately after irradiation.
Wild-type CSH100 cells exposed to X-rays were plated
on rich (O) or glucose minimal (A) plates. CSH100
cells exposed to He ions were also plated on rich (@) or
glucose minimal (A ) plates.
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Fig. 2 Survival of cells plated after 2 h postirradiation
incubation in rich liquid medium. CSH100 cells
exposed to X-rays were plated on rich (O) or glucose
minimal (A) plates.
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Gamma-ray Sensitivity in Arabidopsis thaliana Exhibiting

Different Flavonoid Accumulation Patterns

S. Kitamura and 1. Narumi*

Medical and Biotechnological Application Division, QuBS, JAEA,
*Present affiliation: Faculty of Life Sciences, Toyo University

Flavonoids are one of the major secondary metabolites in
plants, and have various and important physiological
functions such as pigments, pathogen defense compounds,
UV-absorbing agents, and regulators for auxin transport.
In addition, it is also known that flavonoids have features
(ROS:s).
However, it remains to be unraveled whether the flavonoids

that can scavenge reactive oxygen species
can reduce cellular and molecular damages by ionizing
radiation in plants. To understand more deeply the
physiological functions of flavonoids in plants, we analyze
here the responses to gamma-irradiation in Arabidopsis
thaliana exhibiting different flavonoid accumulation
patterns.

Arabidopsis flavonoid mutants (transparent testa |tt])
and the wild type (WT) were used in this study.
dry seeds and 3-day-old seedlings were exposed to *°Co
gamma-rays at Food Irradiation Facility, JAEA. The seeds

exposed to different doses of gamma-rays were surface-

Mature

sterilized, sown on nutrient plates, and germinated in a
chamber controlled at 23 °C with continuous light.
Survival plants showing greenish true leaves were counted
at 2 weeks after germination. For seedling irradiation,
3-day-old seedlings grown vertically on the nutrient plates in
the chamber were exposed to gamma-rays. After exposure,
the plates were set vertically, as the case of pre-exposure
condition. Root length and fresh weight were measured for
3 days and 3 weeks after exposure, respectively.

When dry seeds were exposed to gamma-rays, obvious
sensitivities were detected

differences in gamma-ray

between WT and a complete flavonoid-less mutant, 4.

For example, survival rate of #4 at 1,200 Gy was about 37%,

whereas that of WT at 1,200 Gy was nearly 100% (Fig. 1,
left).
in gamma-ray sensitivity was not observed, based on the
root growth during 3 days after exposure (Fig. 1, right) and
the fresh weight at 3 weeks after exposure (data not shown).

When the seedlings were exposed, such a difference

These results indicate that flavonoids have an impact on
gamma-ray sensitivity on dry seeds but not on young
seedlings.

Arabidopsis dry seed composes of inner embryo (plant
body) and outer seed coat, both of which can accumulate
flavonoids. Although #4 seeds show high sensitivity to
gamma-rays, the 74 seed cannot accumulate flavonoids in
both tissues, due to complete lack of flavonoids in any
tissues. To address which flavonoid-accumulating tissues
in dry seeds are involved in gamma-ray sensitivity, genetic
approach was conducted using seed coat-specific flavonoid
mutants. #¢/2 mutant shows a flavonoid-less phenotype in

seeds but a normal flavonoid phenotype in embryo V.
When dry seeds of ]2 were exposed to gamma-rays, a
survival curve was depicted between those of WT and #4
(Fig. 2).
have an impact on gamma-ray sensitivity of inner embryo
growth.

This result suggests that seed coat flavonoids

To know the relationship between gamma-ray sensitivity
and radical ROS
scavenging ability in dry seeds was determined for each
As a result, WT and 4 seed extracts showed
the highest and lowest abilities, respectively, and #/2 extract

scavenging activity of flavonoids,
genotype.

showed an intermediate between them. This is clearly
correlated with gamma-ray sensitivities in dry seeds.
Although further analysis is necessary, these results suggest
that flavonoids would contribute ROS scavenging within
irradiated seeds, even in the case where the flavonoid
accumulating tissues are apart from the rudimentary plant
body, an embryo.

Reference
1) K. Marinova et al., Plant Cell 19 (2007) 2023.
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Target Irradiation of Individual Cells Using Focusing

Heavy-ion Microbeam of JAEA-Takasaki (IV):
An Improvement of Control Pathway of Scanned Beam
Irradiation for “Actual” Cell Sample Irradiation

T. Funayama, Y. Yokota, T. Sakashita and Y. Kobayashi

Medical and Biotechnological Application Division, QuBS, JAEA

Heavy-ion has higher biological effectiveness, and that
was caused by the non-uniform energy distribution along
with heavy-ion tracks.  This property of heavy-ion
radiation raised three major subjects to be studied in
radiation biological field: bystander effect, single ion hit
effect, and clustered DNA damage.

a target irradiation of individual cells using

To explore these three
issues,
heavy-ion microbeam is a useful means. Therefore, we
have developed a collimating heavy-ion microbeam system
under a vertical beam line of an AVF cyclotron of
JAEA-Takasaki", and explored various effects of heavy-ion

2, there are

hit on biological materials However,
limitations of the collimating system in the size of the
microbeam spot and in the irradiation speed that cannot be
overcome in principle.

Thus, we started the development of a new focusing
microbeam system for target-irradiating individual cells
more precisely than the collimating system. Using the
system, we established a method to irradiate finer heavy-ion
microbeam on individual HeLa cells®, and also succeeded
to draw a cell distribution pattern on CR-39 film using
scanned heavy-ion microbeam ¥.

Nevertheless, the protocol of scanned beam irradiation is
inefficient, because the control system of beam scanner and
For that

the protocol for scanned beam irradiation is still

microscope uses different PCs and software.
reason,
complex for practical biological experiment: concretely
speaking, to irradiate cell sample with a scanned microbeam,
we first take a picture with microscope PC, then extract
coordinates, calculate applied voltages, copy data to beam
PC, input to the scanner software, and then irradiate
samples.

Thus, we improved the irradiation control pathway,
which become able to control overall cell irradiation
procedure with a single PC and single software. As shown
in Fig. la, the original pathway of the scanned beam
irradiation needed two PCs for control irradiation, and need
manual operation in the transfer of coordinate data and the
setting of the ion count to the counter. To establish a basis
for full automatic irradiation with scanned beam with simple
experimental protocol, we developed measurement-system
control software for microscope control PC and a control
1b). The software for

controlling measurement system was integrated into the

box for the P-chopper (Fig.

Camera Control software, which has managed stage,
microscope, and CCD camera, and makes the scanned beam

irradiation automatic. A control box was designed to
regulate P-chopper control signals with on/off triggers that
came separately from PC and measurement system.
By developing them, we become able to irradiate the target
sample with a scanned beam with single software on a single
PC. Thus,

irradiation control pathway is a significant progress in the

we conclude that this improvement of

establishment of the protocol for irradiating “actual” cell
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Beam Scanner

P-Chopper
i
i
|

Control
Scanner

1 Control
| Chopper

Measurement

System Control
Rt
|

00
)
@000 [

Magnetic Lens

Sample Stage'

i
|
Yokogawa System | -
A solid state¥ A v =
! Detector 3

Set lon Counts
Manually

ion Count Signal 7 8
! i 00
! | Microscope
Control |

! ORTEC
Stage |

Counter

ntrol Camera .
=] Transfer Cell Eo
©| __Coordinates Data a

Beam Control PC

i Camera
Control

Beam Scanner

A
.

Control
Scanner

| Control
| Chopper

Trigger for Stop

irradiation
E ) !
o B o fee]
T, |
o P-Chopper
[Magnetic Lens| =8 Conlrzl Box
Sample Stage |
Yokogawa System | [m
Asolid state ¥ A A i —

! Detector [~ J-ccmmmcooaoad | H

; [l fon Count Signal | i 8

' H oo

H Microscope 1 Trigger for
Control | Messurement | Start Iradiation]  ORTEC
Stage ! System Control | Counter

1 Contol A[Camera] |

| Monscoge) Control Camera |

L —_

EEEI= =
: L =
LU camera :'o °

Control

Microscopt Control PC Beam Control PC

Fig. 1 Improvement of scanned beam irradiation control
pathway, (a) the original control pathway, (b) the
pathway after improvement.
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Microbeam Irradiation Response of the Salt

Chemotaxis in Mock-conditioned C. elegans
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An increasing body of data indicates that ionizing
radiation affects the nervous system and alters its function®.
Recently, we reported that chemotaxis of C. elegans during
the salt chemotaxis learning was modulated by carbon ion
irradiation?. However, we had no direct evidence for the
interaction of ionizing radiation with the central neuronal
tissue (nerve ring) in C. elegans. Microbeam irradiation is
useful to analyze direct radiation effects at a cellular or
tissue level. Thus, we applied the microbeam irradiation
(**C, 18.3 MeV/u, LET =119 keV/um) to the C. elegans
nerve ring and examined the effect on the salt chemotaxis
learning. Our preliminary results showed the modulatory
response of the salt chemotaxis learning to targeted
carbon-ion irradiation®. Here, we present the effects of
targeted carbon-ion irradiation on the salt chemotaxis of
mock-conditioned animals. Mock conditioning means the
same conditioning as salt chemotaxis learning except salt
stimulation.

Well-fed adults of C. elegans grown at 20 °C on the plate
spread with E. coli OP50 were used in all experiments.
The areas of nerve ring (Head) and the counter part (Tail) of
mock-conditioned C. elegans in a ditch filled with the
wash-buffer (5 mM KPO, [pH 6.0], 1 mM CaCl,, 1 mM
MgSO,, and 0.5% gelatin) of the micro device® were
irradiated with 12,000 carbon ions corresponding to 500 Gy
at 20 ume micro-aperture area (Fig. 1).

2 60 pm
@&.ﬁka%
Head T Tail _
M = - 200 pm

Fig. 1 C. elegans in a ditch of the micro device. Circles

show the areas of nerve ring (Head) and Tail.

On the other hand, whole-body carbon ion irradiation by
the broad beam irradiation facility was carried out.
Immediately after irradiation, chemotaxis to NaCl was
measured. Using the assay plate with a gradient of NaCl
concentration, we evaluated chemotaxis based on the
chemotaxis index (CI) that was calculated as {(number of
animals at the high-concentration spot) — (number of
animals at the control spot)}/ (total number of animals in the

assay plate)?. The positive Cl indicates moving towards a
higher concentration of chemical compounds. The results
of CI were evaluated as mean + 95% confidential interval.
Statistical test was carried out by the chi-square test with a
Yates’ correction.

As shown in Fig. 2, we demonstrate the effects of target
and broad beam irradiation of mock-conditioned animals
(CI: 0.83£0.09 in non-irradiated animals, 0.86 +0.08 in
broad beam irradiated animals, 0.51+0.13 in the Head
locally irradiated animals, and 0.82+0.11 in the Tail locally
irradiated animals).

12¢
* p<0.05
b :
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£ o8} L
9
X I
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°
= 04F
2
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Control beam )
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Fig. 2 Effects of carbon ion broad and microbeam

irradiation on the salt chemotaxis of mock-conditioned
C. elegans. Error bars show the 95% confidence
intervals, and asterisks indicate the significant
differences in Cl.

Intriguingly, the Head targeted irradiation of C. elegans
demonstrated the decrease of the salt chemotaxis, whereas
broad and Tail targeted irradiations did not induce such a
decrease in Cl. In the previous report®, we found that the
modulatory response of the salt chemotaxis learning was
induced by both Head and Tail microbeam irradiation. To
understand the microbeam irradiation response of the
mock-conditioned C. elegans, we are planning the mutant
analysis of C. elegans in the near future.
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Radiation-induced Bystander Cell-killing Effect is

Dependant on Dose of Carbon lons and y-rays but
Independent of LET
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Radiation-induced bystander effect manifests cell killing
and other effects in cells that are not irradiated but are close

to irradiated cells via intercellular and intracellular signaling.

It is necessary to clear the mechanism of bystander effect in
order to estimate the potential risks of low dose radiation
accurately. In the present study, we thus investigate the
dose and LET dependencies of bystander cell-killing effect
using carbon ion broadbeam and ®°Co y-rays to shed light on
the mechanism of bystander effect and update our data
previously reported 2.

Normal human lung fibroblasts WI-38 cell line was
cultured with MEM medium supplemented with 10% fetal
bovine serum. Cells inoculated in porous membrane-based
inserts were irradiated with carbon ion broadbeam (LET =
108 keV/um) and y-rays (0.2 keV/um), and the inserts were
then placed on corresponding companion plates, in which
non-irradiated cells were cultured in the same way as
irradiated cells. The ratio of irradiated cells and
non-irradiated cells was almost 1:2.

Following co-culture between irradiated cells and
non-irradiated cells for 24 h, non-irradiated bystander cells
were trypsinized, counted, and then diluted to a suitable cell
density with culture medium. Diluted cell suspension was
transferred into a tissue culture dish and cultured for 14 days
to count colonies formed. Colonies comprising 50 or more
cells were regarded as survivors. Survival of bystander
cells co-cultured with cells irradiated by y-rays decreased

1¢
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02

Survival of bystander cells (%)

0 05 1 15 2

Dose (Gy)

Fig. 1 Survival of bystander cells co-cultured with cells
irradiated by carbon ions (open circle) or y-rays (closed
circle). Data are mean + SEM of 3-6 independent
beam times except for 1 and 2 Gy of carbon ions
(N=2).

with increasing dose and its reduction was saturated at
0.5 Gy or higher doses (Fig. 1). The dose-response curve
of carbon ions was similar to that of y-rays, indicating that
bystander cell-killing effect is independent of LET.

Next, the concentration of nitrite was measured using
Saltzman’s method to elucidate the mechanism of bystander
effect mediated via nitric oxide (NO) radicals (Fig. 2).
NO radicals are produced in irradiated cells and oxidized to
yield nitrite and nitrate in the medium.  Then the amount of
nitrite is determined photometrically using Saltzman's
reagent comprising n-1-naphthylethylene-diamine and
sulfanilic acid which forms an azo dye specifically with
nitrite.  The concentration of induced nitrite increased with
increasing dose up to 0.25 Gy and saturated at higher doses.
The saturation levels of induced nitrite tended to be higher
in carbon ions than in y-rays. Taking the results of survival
and induced nitrite together, it is concluded that NO radicals
released from irradiated cells promote bystander cell-killing
effect but the effective concentration of NO radicals has an
upper threshold.
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Fig. 2 Concentration of induced nitrite in the medium
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Mechanisms for the Induction of Radioadaptive

Response by Radiation-induced Bystander Response
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The objective of this project is to elucidate molecular mechanisms for the induction of radioadaptive response by
radiation-induced bystander responses induced by low dose/low dose rate radiation using heavy ion microbeams in JAEA.
We performed the exhaustive analysis of gene expression, when radioadaptive response has been induced, using RT?

Profiler™ PCR Array System.

We found several genes induced specifically and preferentially when radioadaptive

response could be induced. We confirmed that iNOS expression was specifically induced only when radioadaptive response
could be induced. Our findings strongly suggested that radioadaptive response can be induced by NO-mediated bystander
responses evoked by low dose/low dose rate radiation, and that the induction of specific gene expression is required for the

induction of radioadaptive response.
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Radiation-induced bystander responses are defined as responses in cells that have not been directly targeted by radiation

but are in the neighborhood of cells that have been directly exposed.
pathway activated by high-LET radiation in the bystander cells.
We found that NF-xB-dependent signaling pathway involving Akt and

520 MeV “°Ar-ion microbeams or broadbeams.

COX-2 plays an important role in the NO-mediated bystander response.

response using 3D tissue culture system.
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In our study, we aim to clarify the cell signaling
Normal human fibroblast WI-38 cells were irradiated with

Additionally, we started the study of bystander
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Fig. 1
accumulation of COX-2 in
bystander WI-38 cells 6 h after irradiation.
irradiaton; c-PT10O: carboxy-PTIO (20 uM).
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Fig. 2 Phosphorylation of Akt and NF-xB in bystander
WI-38 cells 3 h after irradiation.

Fig. 3 Spheroid formation of WI-38 cells.
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We have been studying the radiation-quality dependent
bystander cellular effects using heavy-ion microbeams with
different ion species, such as C, Ne and Ar ions. From our
observations so far, the bystander cell-killing effect via
gap-junction mediated cell-cell communication was induced
by carbon ions, but not neon and argon ions?. We
continued to examine micronucleus formation induced by
the bystander effect via either gap-junction mediated
cell-cell communication or secreted factor(s) to culture
medium from the irradiated cells. This year we focused on
the fluence-dependent micronucleus formation using C-, Ne-
and Ar-ion microbeams.

Early passage (passage humber 6-10) normal human skin
fibroblasts obtained from the Riken BioResource Center
were irradiated with C-ion (**C®* 220 MeV), Ne-ion (®Ne™
260 MeV) or Ar-ion (*°Ar®* 460 MeV) microbeams at the
HZ1 port. Approximately 6 x 10° cells were inoculated
into each of microbeam dish, which was made of acrylic
resin ring with 36 mm diameter and attached 7.5 pm-thick
polyimide film on the bottom of the ring, 2 days before the
microbeam irradiation. Irradiations were carried out using
the 256 (16 % 16) - cross-stripe irradiation method described
in the previous report?. In this irradiation method we can
estimate that the percentage of direct irradiated cells by the
microbeams in the 256-cross-stripe irradiation method is
around 0.04% of total cells on the dish, when comparing to
areas of the cell and the dish. The beam size of each ion
microbeam was 20 pm in diameter and the irradiations in
each point were carried out to deliver 2, 4, 8, 16, 20 ions for
carbon, 1, 2, 4, 5 ions for neon and 1, 2 ions for argon. The
fraction of micronucleated cells was examined using the
same method with the cytokinesis block technique in the
previous report®. At least 500 cells were examined for
each data point and ion, and only micronuclei in binucleated
cells were detected as a damaged cell. In order to investigate
the mechanism(s) of the bystander effect, half of the sample
dishes were treated with 18-a-glycyrrhetinic acid (AGA),
which was a specific inhibitor of gap-junction mediated
cell-cell communication, 30 min prior to irradiations®.

Figure 1 shows the fluence-dependent formation of
micronuclei induced by carbon-, neon- and argon-ion
microbeams. In any ion species, the percent of the
micronuclei formation in the absence of AGA clearly
showed fluence-dependent manner and was suppressed
when using the presence of AGA. The percent of the

formation of micronuclei was ranging from 2-10% in the
absence of AGA and 1-4% in the presence of AGA and the
results shown were beyond our expectation, because only
0.04% of total cells in the dish was directly hit by the ions.
This is clear evidence that two different mechanisms play a
critical role in inducing bystander effect in chromosomal
damage, such as gap-junction mediated cell-cell
communication in the case of the absence of AGA and
secreted factor(s) to culture medium from the irradiated cells
in the case of the presence of AGA.
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Fig. 1 The fluence-dependent formation of micronuclei in
normal human fibroblasts irradiated with carbon (B),
neon (C) and argon (D) ion microbeams. The data of
X-ray microbeams (A) were carried out at Photon
Factory in High Energy Accelerator Research
Organization. The results were the means and standard
deviations from the 3 independent beam times.
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Deficiency of L-dopa causes degeneration of the
substantia nigra in the brain and L-dopa is used in the
treatment of Parkinson’s disease. We proved that L-dopa
produced NO and superoxide, and had the cytotoxic effects
on the retinal pigment epithelial cells?. GPx3, a plasma
antioxidant enzyme, maintains genomic integrity by
inactivating these reactive oxygen species, known
DNA-damaging agents?. Bcl-2 (B-cell lymphoma 2) is the
founding member of the Bcl-2 family of apoptosis regulator
protein encoded by the BCL2 gene®. These proteins
govern mitochondrial outer membrane permeabilization and
can be either pro-apoptotic or anti-apoptotic including Bcl-2
proper. The increase of outer mitochondrial membrane
permeability (MMP) is a central event in apoptotic cell
death, since it releases several apoptogenic factors such as
cytochrome ¢ into the cytoplasm that activate the
downstream destructive processes. The voltage-dependent
anion channel (VDAC) plays an essential role in the
increase of MMP, and is regulated by the Bcl-2 family of
proteins via direct interaction. Anti-apoptotic Bcl-2 family
members close the VDAC, whereas some pro-apoptotic
members, that is, Bax genes (Bcl-2-associated X protein),
interact with the VDAC to generate a protein-conducting
channel through which cytochrome ¢ can pass®. In the
absence of any apoptotic/oxidant stimulus, Faucher et al.
measured the expression of Bax and Bcl-2 in a human
endothelial like cell-line overexpressing the organic
hydroperoxide- scavenging enzyme, glutathione peroxidase
(GPx), which is able to change the protein Bax levels
without affecting those of p53 and Bcl-2°.

We previously reported that exposure to L-dopa inhibited
the expression of GPx3 in human retinal endotheial (RE)
cells in vitro. lon beam irradiations both of He and C
decreased GPx3 more remarkably than Ne. The expression
of GPx3 incubated with L-dopa decreased significantly after
irradiation to both He and C. The irradiation of Ne
increased the expression of GPx3 incubated with L-dopa
after the exposure of the irradiation significantly®. The
expression of p53 was not significantly influenced by
L-dopa, but increased just after the irradiation both of Ne
and He in those cells incubated with L-dopa”. There were
no significant differences of Bcl-2 gene expression among
the irradiation of Ne, C, and He. L-dopa significantly
inhibited the expression of anti-apoptotic Bcl-2. The
expression of Bcl-2 in RE cells incubated with L-dopa
decreased significantly after the irradiation of C. We
considered the different accumulation of the energy
irradiated at a point by various ions could be concerned with
the effects on the expression of Bcl-2 in RE cells incubated
with L-dopa as well as GPx3 or p53%.

lon beam irradiation caused the induction of apoptosis in
RE cells that affected by inactivating the reactive oxygen
species because of exposure to L-dopa. We investigated
how L-dopa influenced the expression of pro-apoptotic Bax
genes in RE cells. We applied the ion beams as the
induction of the oxidative stress that might influenced this
pro-apoptotic Bax gene, and measured the expression using
a real time-reverse-transcriptase polymerase chain reaction
(RT-PCR). Human RE cells incubated with
250 uM L-dopa were exposed to an ionization radiation
(350 MeV Ne, 220 MeV C, and 50 MeV He). We obtained
the cells after the irradiation and extracted total cellular
RNA and cDNA was synthesized. We designed the
primers for RT-PCR amplification of the cDNA of Bax.
The reactions were carried out at the following temperature:
95 °C, for denaturation; 60 °C, for annealing; and 72 °C.
After mixing the cDNA, primer, and SYBR green, the
expression of 18s RNA and Bax was measured using the
LightCycler system as RT-PCR. The technology of this
system is extremely innovative and enables rapid and
simultaneous evaluation PCR experiments. Fluorometric
analysis of the formed PCR products was performed as a
real-time measurement either continuously or at specifically
defined time points during each PCR cycle.

There were no significant differences of Bax gene
expression without L-dopa among the irradiation of Ne, C,
and He. However, Exposure to L-dopa for 2 h significantly
inhibited the expression of Bax in human RE cells in vitro.
The expression of Bax in RE cells incubated with L-dopa
decreased significantly after 4, 8, 24 h of irradiation in case
of Ne, and after Oand 8 h of irradiation in case of C. We
speculated that L-dopa had no significant effects on the
expression of p53 in human RE cells in vitro because
L-dopa damaged both expression of anti-apoptotic Bcl-2
genes and pro-apoptotic Bax genes in mitochondria. We
considered that it was possible for the long duration of the
exposure to the irradiation of C to augment the effects on the
pro-apoptotic Bax genes in human RE cells in vitro.
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Ionizing radiation induces DNA double-strand breaks
(DSBs) and DSBs are potentially lethal lesions and a threat
to cell survival. There are two major pathways for the repair
of DSBs: homologous recombination (HR) and non-
homologous end-joining (NHEJ). Higher levels of cell
death are induced by high-linear energy transfer (LET)
radiation when compared with low-LET radiation, even at
the same doses. This reflects the higher relative biological
effectiveness (RBE) of high LET radiation resulting from
less effective or less efficient DNA repair. Reports have
shown that heavy-ion-induced DSBs are repaired more
slowly than X-ray-induced DSBs". In particular,
carbon-ion beams have a high LET value and a high RBE in
the Bragg peak region. When targeting appropriate tumors,
this might confer an additional advantage for the use of
radiation in cancer therapy. However, it is unclear whether
high-LET radiation specifically inhibits one repair pathway
or both repair pathways.

To clarify the relationship between DSB repair and
radiosensitivity in the presence of radiation with different
LET values, knock-out (KO) embryonic fibroblasts were
constructed. The genes targeted in these KO cells were
designed to result in no repair activity from a KO of the
NHElJ-related LIG4 gene and/or the HR-related Rad54 gene.
Results in these KO mice were compared to activity in the
parental (wild-type) cells which were provided by Dr. F.W.
Alt (Howard Hughes Medical Institute, USA).
irradiated with X-rays and carbon-ion beams at Gunma
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KO cells showed exactly the same sensitivities in response
to different LET values (Fig. 1). Wild-type cells and
Rad54-KO cells, i.e. NHEJ proficient cells, exhibited high
RBE values with increasing LET values (Fig. 2). Although
a deficient HR (wild/Rad54-KO) exhibited an almost
constant  sensitization ratio, a  deficient NHEJ
(wild/Lig4-KO) exhibited a high sensitization ratio when
compared to a deficient HR, even with increasing LET
values (Fig. 3).

These results suggest that: (1) the determining factor
leading to a high RBE in the presence of high LET radiation
may be the suppression and/or the inefficacy of NHEJ
repair; and (2) targeting NHEJ repair yields a high
radiosensitivity in the presence of carbon-ion beams when
compared to suppressing HR. Further analysis of these
results is currently underway.
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Introduction
Malignant melanoma is one of the most common
cutaneous malignancies and its incidence worldwide has

been increasing at a greater rate than that of any other cancer.

Unfortunately, it resists often various authentic therapies
including chemotherapy and radiation therapy, and it is well
characterized by very low objective clinical responses,
representing lethal disease.

Epigenetic modifiers have emerged recently as promising
anticancer agents and it has been expected that epigenetic
the effect
therapeutics including radiotherapy V.

of other cancer
In addition, the
biological effects of the high linear energy transfer (LET)

modifiers may enhance

heavy-ion radiation are more pronounced than the low-LET
radiation (e.g., y-ray or X-ray). These accumulating
evidences allowed us to investigate whether the use of
epigenetic modifiers could sensitize melanoma cells for the

heavy-ion therapy.

Materials and methods
Cell and cell culture

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

Radiation exposure

The ®Co y-ray irradiation was performed in Room No.1 of
the food irradiation facility at JAEA-Takasaki.  The
heavy-ion irradiation groups were exposed to carbon ions
accelerated by the AVF cyclotron and generated with the HY 1
port of TIARA at JAEA-Takasaki. Control groups were
sham-irradiated and handled in parallel with the test groups.

Clonogenic survival assay

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

onto 100 mm culture dishes.

and 100 single well-separated colonies per dish.

9 (1) days, colonies were fixed with 2% formalin and
followed by crystal violet staining. Colonies generated
more than 50 cells were counted as clonogenic survivors and
the number of colonies was normalized to that observed for
unirradiated controls. Three dishes were counted per point.
Data presented are the mean + SE from at least three
independent experiments.  For statistics evaluation, P

values were analyzed with two-way ANOVA test.

Results and discussion

Treatment of B16F10 melanoma cells with an epidemic
modifier in combination with heavy-ion radiation provided
enhanced inhibition of colony formation (Fig. 1). These
data suggest that combination of these drugs with heavy-ion
therapy may provide improved therapeutic response in
melanoma patients.

Reference
1) L. S. Kristensen et al., Eur. J. Pharmacol. 625 (2009)
131-42.
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Until now, we reported that the heavy ion irradiated silkworm egg (10 Gy of carbon ions) restart the development after

short time delay, in spite of imperfect repair of the DNA damage.
14 hours after oviposition, because the damaged nuclei disappear at the time.
So, we examined the timing and mechanisms of the elimination for the irradiated nuclei.

In the irradiated egg, a part of nuclei reached front part of egg at 12 hours after oviposition.
of the eggs were hardly detected under microscope at this time.
Moreover, the positive signals of TUNEL staining were detected in the
These results indicate the damaged nuclei in the irradiated egg degrade (just) after cellular blastoderm stage by

damaged nuclei is unknown.

damaged nuclei is at 12-14 hours after ovposition.

eggs.
apoptosis.
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Fig. 1 Heavy ion irradiated silkworm egg at 13 hour after
oviposition. A and B: DAPI staining of the nuclei,
C: Detection of apoptotic nuclei by TUNEL.
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In our previous study, we found that a small number of oocyte-like cells (testis-ova) differentiated spontaneously in the
cysts of spermatogonia in the p53-deficient testes, in contrast to the wild-type testes in which testis-ova were never found.
Furthermore, ionizing radiation (IR) irradiation temporarily increased the number of testis-ova in p53 deficient testes,

testis-ova size, and proceeded up to premature meiosis.

in living adult medaka with carbon-ion micro-beam (diameters of 250 um).

In the present study, we applied 10 - 15 targeted irradiation of testes

And the analysis that is the differentiation of

testis-ova in the p53-deficient medaka testes 7 days after irradiation, is underway to validate the availability of the testis-ova

phenotype as an indicator of the irradiation.

P53 G T AR LIZA AAX Ik BTl RSBl
WIRTEL CONEGHUI A ETEL , Vo~ O BHIC I > TZ
LS PR EH N O BRAR I (testis-ova) ~D 434k « B = 73 B8 3
WfEEESNDY, Ho<H (5 Gy) DR 3 B %2501
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Reference
1) T. Yasuda et al., Cell death & disease (2012) 3, €395.
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Fig. 1 Testis in abdomen of adult medaka was irradiated
with 10 or more shots (red circles) of carbon-ion
micro-beam.

Fig. 2

Induction of testis-ova in p53 deficient medaka
testis by carbon-ion broad- and micro-beam irradiation
at 7 days after irradiation.
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Marker for Assessing DNA Damage upon Ionizing
Radiation in the Sleeping Chironomid Larvae
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The Sleeping Chironomid, Polypedilum vanderplanki can
stand complete desiccation (anhydrobiosis) and also shows
radio-resistance . A comet assay revealed that both
desiccation and heavy ion irradiation cause severe DNA
damage in cells of the larvae and that post-anhydrobiosis
and post-irradiation recovery of nucleic acids takes at least a
few days®. Non-irradiated dry larvae after revival also
possessed cells with severely damaged DNA, with a level of
fragmentation comparable to those exposed to 70 Gy *He
ions. ROS generated upon dehydration of cells are
Three
major participants of the ROS-elimination system, i.e.
catalase, Cu/Zn-superoxide dismutase and glutathione
peroxidase were found to be abundant in the EST database
prepared from the larvae entering anhydrobiosis .
Gamma-rays irradiation increased expression of these 3
We also
recognized the expression of two other genes involved in

probably a major cause of the DNA fragmentation.

genes within the first few hours after irradiation.

DNA-damage recognition and repair upon anhydrobiosis
and irradiation, i.e. Rad23 which plays a central role both in
proteosomal degradation of misfolded proteins, DNA
excision repair, and recognition of different types of DNA
damage; and Rad5] which participates
DNA-damage response pathway and are associated with the

in common

activation of homologous recombination and double-strand
breaks repair.

P. vanderplanki larva has a giant polythene chromosome
which could be a good tool to assess the DNA damage and
its repair in relation to anhydrobiosis and irradiation stress.
Now it is the right time to establish this method because it
has many applications in the future. As an example
influence of radioactive contamination in Chernoby] regions
has been successfully monitored by observing the
morphological changes in the polythene chromosome of
chironomid larvae . By using the dehydrated P.
vanderplanki larvae similar radiation monitoring system can
be applied in Fukushima and International Space station.

The P. vanderplanki karyotype contains 2n=_8 and the
chromosome 1 has characteristic puffs which specifically
appear upon anhydrobiosis (Fig. 1 and 2). We will further
complete all the chromosome band patterns and also identify
the corresponding genes do by FISH and genome analysis.
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Fig. 2 P. vanderplanki polythene chromosome 1 from a
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We recently reported that locomotion in the nematode
Caenorhahditis elegans using body-wall muscles was
significantly reduced after broad-beam irradiation of the
whole body?, and slightly reduced after region-specific
microbeam irradiation (500 Gy) of local regions of the
body?. This suggested that radiation delivered to a very
limited region of the body is sufficient to reduce
locomotion . To investigate the radiation effects on
different types of movement using different muscles, we
subsequently focused on pumping motion (chewing and
swallowing) which is a rapid periodic motion involving the
use of the pharyngeal muscles, and found that the proportion
of animals in which the pumping motion stopped had
increased after broad-beam irradiation®. In the present
study, we examined whether or not the same effects on
pharyngeal pumping motion could be induced by
region-specific microbeam irradiation.

Young adult wild-type C. elegans were used in the
experiments. To investigate the effects of region-specific
microbeam irradiation, we used energetic carbon ions (**C*",
18.3 MeV/u, LET=119 keV/um) generated at the HZ1 port
of TIARA at JAEA. C. elegans was enclosed in a
polydimethylsiloxane microfluidic device® with buffer to
inhibit locomotion during irradiation (Fig. 1). The 'head'
region including the pharynx, 'middle' region around the
intestine, and 'tail' region were targeted independently; these
regions were irradiated with 12,000 carbon ions
corresponding to 500 Gy at a 20 m¢ micro-aperture region.
C. elegans was placed on an agar dish with a bacterial lawn
(food) immediately after irradiation, and 60-continuous shots
of the pharyngeal pumping motion, each of 1 s duration,
were obtained using a high-speed camera. The frequency
of the pumping strokes per 1 s duration, used as an
evaluation standard of the pumping motion, was manually
counted.

As shown in Fig. 2, all in all the distribution of the
frequencies of the pumping motion in each group of the
region-specific microbeam-irradiated animals was similar to
that in the non-irradiated animals, though the proportion of
animals in which the pumping motion had stopped increased
slightly in the group irradiated in the head region. These
findings suggested that a region-specific microbeam
irradiation at a dose of 500 Gy did not affect the pharyngeal

pumping motion differently from the whole-body irradiation.

Further studies involving the effects of microbeam
irradiation on pumping motion in C. elegans are in progress.

Microbeam-
.r'rrad.r'gted
region . elegans
% “:1: - __:_ .':‘.;a.c.g -’E : ::t-":'-‘-“i’_ -’, \
head middle tail ditch
100 um

Fig. 1 A C. elegans enclosed in a microfluidic device.
The dotted circle represents the microbeam-irradiated
region.
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Fig. 2 Pharyngeal pumping motion in C. elegans after
microbeam irradiation. n represents the number of
animals.
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Electron spin resonance (ESR) spectroscopy has been
authorized worldwide as an irradiated food detection
method. We had established a procedure for
radiation-induced radicals in irradiated fresh fruits 2.
However, detectable periods of the radicals depend on their
The lifetime is related to the interactions with
One of the physical
interactions is electron-spin relaxation times: spin-lattice

lifetime.
neighboring unpaired electrons.

relaxation time T, and spin-spin relaxation time T,.

In this study, the relaxation times of unpaired electrons
in radiation-induced radicals concerning irradiated foods
were directly measured using pulsed ESR to reveal the
The
specimen is fructose, edible pure chemicals, and mainly

strength of interaction with the neighboring dipoles.

contained in fruits.

The powder of fructose crystal was exposed to *Co
y-rays at room temperature by changing the radiation dose
levels from 1 to 100 kGy. ESR spectroscopy was
performed with a continuous wave (CW) ESR (Jeol RE-3X)
and a pulsed ESR (Bruker ESP-380E) at room temperature
using the X-band microwave frequency.

ESR spectra of irradiated fructose crystals by CW ESR
were essentially same at tested dose levels, as shown in
Fig. 1. While, ESR spectra by pulsed ESR were
drastically different according to dose levels (Fig. 2). We
detected four signals, of which the g-factor was same (Figs.
1 and 2).

Main peak observed at 1 kGy was broad on pulsed ESR.
Increasing with the dose levels, main peak was clearly split
to two peaks (LM & RM in Fig. 2). Furthermore, relative
heights of side peaks (LS & RS in Fig. 2) increased as the
increasing of dose levels. It is suggested that CW ESR can
measure all of the unpaired electrons, while pulsed ESR can
detect the interactions based upon neighboring unpaired
electrons as the electron-spin echo swept in magnetic field.

Figure 3 shows the relationship between the dose level
and the relaxation times. T; showed no changes, however,
The
reduction of T, means the stronger spin-spin interactions.

T, decreased as with the increases of the dose levels.

The stronger interactions could be caused by accumulation
of radicals in the irradiated fructose crystals. Moreover,
these responses may be affected by differences in the
Tz Of

the side peaks were longer than those of the main peaks in

environment of the radicals in fructose molecules.

fructose, indicating that radicals of the side peaks interact
less with neighboring dipoles than do those of the main
peaks?.
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Fig. 1 CW ESR spectra of y-irradiated fructose. LS, RS,
LM and RM are designated from left and right side
peaks, and left and right main peaks of pulsed ESR
spectrum, respectively.
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Fig. 2 Field-swept spectra of electron spin echo signals in
y-irradiated fructose using pulsed ESR.
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Fig. 3 Dose responses of electron spin relaxation time T,
and T, in y-irradiated fructose.
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Relaxation Times of Radicals Induced in Irradiated Foods

Using Pulse-ESR and CW-ESR
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Using pulse-ESR and CW-ESR, we attempted the measurement of relaxation times (T, T,) of radicals induced in

irradiated foods.

33 ps, and T, of irradiated hard wheat flour was 21 ps.
wheat flour was 260 ns.

The specimens were black pepper and hard wheat flour.
echo signal of irradiated specimen and in direct analysis of relaxation times (Tj, T,).
T, of irradiated black pepper was 420 ns, and T, of irradiated hard
We also succeeded in measurement of the signal of irradiated specimens by CW-ESR. We

We succeeded in measurement of the field swept
T, of irradiated black pepper was

detected the strong singlet signal from irradiated pepper, and the broad complicated signal from irradiated hard wheat flour.
It suggested that the radiation-induced radicals of these two specimens are different.

s PRAHE, B AR R A TERICHEG L. e
REICLAEEOBIED T DR - % BT D—>
THY, ZOFFITIRANIEB > TN, T—ay/ GEA
TILHUR R S OIEERAEL L TE T A SRR ik
(Electron Spin Resonance Spectroscopy; ESR) 23 ERRE
TW5, BARTIZFR 24 4E 9 A FHF T ESR M-I VER
72

ESR (ZX%73H7121% Continuous wave-ESR; CW-ESR
(H#i ESR)E Pulse-ESR (Pulse # ESR) 23d5, ik
TlX CW-ESR IZEAFHAIEATV ., 1551515 BiRENDIE
FHLER O BB,

FYANOFEFIRERIZ T, ALY - B TREFIRER (T)) &
AE - AEUARFIRER (Ty) O 2 BV 2D TV FEMN
H2 2054 ESR GHAICRLN DR INSE VO NELD
LHEEEND, TV BV OFEFIRER (T, T,) 1% Pulse-ESR
DFHNC IV EHER D HZENTEDA, B AN TICH
BIXNDHTY IO T, Pulse-ESR FHANZ LD HE 1T
D72y, CW-ESR Tl Pulse-ESR H(3 720 BTV HL
DIEMEMEZRDODZENTER VS, Lund HOHEH
FEDEFAWT, ESR F 50BN/ 3T A2 2L,
R AR D,

FEF R A e 2 2ok BHFHES L
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FHUT/ R (BRI K N Ba av 2 EiaR e L
ML=,

TR EF5R T8 e OB = s 27D Pulse-ESR DOHIEIC
L7, Figure 1 IEavavnfE5Thsd, £/
CW-ESR FHANZHB W TR Basav i3l —I
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o7, BRI T, TiE, FHEAE LD L,
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HUEIZIED DR THIENHALINNI 2~ T, IBE TR e
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Fig. 2 ESR spectra of irradiated foods at 50 kGy.

Table 1 The relaxation time of irradiated black pepper and
irradiated hard wheat flour at 50 kGy.

black pepper hard wheat flour
Ty(ps) Ty(ns) Ty(ps) Ty(ns)
Pulse-ESR 33 420 21 260
CW-ESR 3.4 160 16 15
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Introduction

Three-dimensional analysis technique for trace elements
in a minute sample such as a single biological cell of
100 um or less has been developed using PIXE (particle
induced X-ray emission)-CT (computed tomography) in this
study. Scanning transmission ion microscopy (STIM)-CT
is performed as well as PIXE-CT for three-dimensional
measurement of major elements’ distributions, which are
required for corrections of X-ray yields due to energy losses
Moreover,
ML-EM (maximum likelihood expectation maximization)?
algorithm has been introduced to three-dimensional
reconstruction because higher spatial resolution can be
obtained even with less X-ray yields. On the strength of
these, three-dimensional measurement of trace elements in a

of projectiles and absorption of X-rays .

minute biological cell has been successfully achieved”. As
a second step, we performed the three-dimensional analysis
of a single cell of paramecium busaria incubated with yeast
in europium solution to visualize how the microorganisms
accumulate heavy elements.

Experiment

Three-MeV proton microbeam with a diameter of 1 um
at TIARA was used in this study. The scanning area was
128 x 128 pixels corresponding to 100 x 100 um?®  For
STIM-CT experiment, a surface barrier detector was placed
at just behind the sample, while a Faraday cup was placed at
the same position in the case of PIXE-CT analysis. The
distance and the angle of the lithium-drifted silicone detector
for PIXE-CT analysis were 22 mm from the target and 140°
to beam axis, respectively. A target was placed on an
automatic rotation stage, which made a full turn by rotating
9° at a step in vacuum. As a result, we could obtain forty
projections per a sample.
sample on the center of axis precisely though the precise

It is very difficult to place a

alignment of the rotation axis with the center of the scanning
area is very important for suppression of artifacts in the
image reconstruction. To solve this problem, another linear
motion stage was used for lateral alignment. The sample
position on every angle was adjusted to scan over the whole
The measuring times of PIXE and STIM
were respectively about 10 and 5 minutes per a projection.
After the both measurements of STIM-CT and PIXE-CT, the

center of gravity in each projection was calculated from the

of the sample.

PIXE projection on phosphorus, and was defined an

imaginary axis of rotation in the three-dimensional

reconstruction of STIM and PIXE.

A dried cell of Paramecium bursaria was used as a target.
The pre-cultured cells with yeast in europium solution were
fixed with a fixative and then washed with purified water
repeatedly. The cells were subsequently dried on a carbon
foil in air at room temperature. One of dried cells was
fixed on the top of a Kapton tube with inner diameter of

500 pm and wall thickness of 25 um using vinyl acetate

emulsion adhesive as in Fig. 1.

Fig 1 Microphotograph
of the sample of a
cell,
bursaria.

Paramecium
White
lines indicate the
position of

tomograms in Fig. 2.

Result

The tomograms obtained wusing the ML-EM
reconstruction about phosphorus and europium at the white
line in Fig. 1 is shown in Fig. 2. Phosphorus distributed
itself uniformly over the cell because of the major element
of cytoskeleton protein. The distribution of europium was
seen inside that of phosphorus. It is demonstrated that
europium taken into the cell has been successfully
visualized.

Phosphorus Europium

Fig. 2 Tomograms of the cell of paramecium busaria on
phosphorus and europium.
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Cigarette smoking is a risk factor for
cardiovascular disease, diabetes and Chronic Obstructive
Pulmonary Disease (COPD). Lung microvascular
endothelial cells (LMECs) has an important rule about

efficient protective systems for maintains homeostasis.

cancer,

It is known that two different transendothelial pathway
(diffusive nonvesicular flux pathway and vesicle-mediated
pathways) can be utilized for the passage of solutes.
Naturally, trace elements should be present in the LMECs.
However, there is no report about the distribution of trace
element in LMECs.
rats LMECs.
mice LMECs in two kinds of mice strains for the first time.

We already became successful to take
This time, we tried to isolation and culture of

In this report, we measured change of the trace elements
in LMECs by nicotine treatment using in air micro particle
induced x-ray emission method. In-air micro-PIXE was
developed at the Takasaki Ion Accelerators for Advanced
Radiation Application (TIARA), JAEA.  Micro-PIXE
allows analyzing the spatial distribution of the elements
quantitatively.

Three weeks old male C57BL/6J or ICR mice purchased
from Japan SLC. Mice LMECs were isolated using a
modification of the technique described by Magee et alV.
The cell suspensions were seeded onto collagen coated
culture flasks (225 cm?) in medium of DMEM/F-12 in a
humidified atmosphere of 5% of CO, in air. Secondary
subculture cells were grown on collagen-coated
polycarbonate film (2.54 cm?) for microanalysis. The cells
were washed two times with 1mL of Krebs buffer, and
pre-incubated with 0.9 mL of Krebs buffer at 37 °C for
Then, 0.1 mL of Krebs buffer containing 0.02, 0.2

or 2 mM nicotine was added to the each film, and cells were

5 min.

incubated for 15 min. The cells on the 5 um polycarbonate
films were washed 7 times with THAM buffer. The
specimens were promptly dipped into 2-methylbutane and
chilled with liquid nitrogen and then freeze-dried overnight
in the vacuum stage?.

We became successful to isolate C57BL/6J or ICR mice
LMECs. However, LMECs from ICR mice were difficult
to culture. This cause is still unclear.

Figure 1 show Zinc image LMECs from C57BL/6J mice
treated with nicotine final dose of 2, 20 and 200 uM in the
polycarbonate film image in region of 100 x 100 pum?.

When the LMECs were treated with nicotine, the amount
Whole on the
other hands, calciumu levels were increased dose dependent

of zinc decreased dose dependent manner.

manner. Such changes of the trace elements levels in the
LMECs were shown in Fig. 2.

This is a preliminary result of nicotine effects for mice
LMECs.
results near future.

We will need further experiments and present

20uM

200uM

2uM

Fig. 1 Microgram of PIXE sample and Zinc image (100 x
100 um) of LMECs from C57BL/6J mice treated with
nicotine final dose of 2, 20, 200 uM.
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Fig. 2 Effects of nicotine on the trace element levels in
LMCs.
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Introduction

Fluoride-containing coating materials (FCCMs) is
available to control hypersensitivity and prevent dental
caries, but it is easily removed by physical force. It is
important for clinical use to keep its ability to prevent dental
caries even after removal from the tooth surface. The
purpose of this study is to evaluate fluorine (F) distribution
in dentin under FCCMs after removing from surface in
pH-cycling by means of an in-air micro-PIGE/PIXE system
at TIARA.

Materials and Methods

Six extracted human teeth were used in this study. Four
200-um thick longitudinal sections were obtained from each
tooth. The polished surfaces, except the outer surface,
were covered with wax. Two FCCMs (CTX2 varnish: CT
and MI varnish: MI) and a glass ionomer cement
(fluoride-containing) (Fuji 111: F3) were applied on the root
dentin surface. No treated specimens were used as a
control (NO). Twenty-four hours after material application
to root surface, these materials were removed from surface.
The pH-cycling (pH 6.8-4.5) was carried out for 4 weeks for
preparing artificial carious dentin using an automatic
pH-cycling system Y. After pH-cycling, fluorine and
calcium distributions of the outer dentin under materials in
specimen were evaluated using micro-PIGE/PIXE system at
TIARA?. The outermost surface of the dentin was defined
at the position containing 5% of the calcium concentration
in intact dentin.  For the comparison of fluorine uptake, the
average fluorine concentration in each specimen was
calculated at area of 70 um from the defined surface.

Results

Table 1 shows the average fluorine concentration (ppm)
in dentin under materials at area of 70 um from the surface.
For the materials before pH-cycling, there was no significant
difference in F uptake among all groups (p > 0.05,
Games-Howell test). For the materials after pH-cycling, F
uptake from F3 was showed higher value than that of NO
(p<0.05). There was no significant difference in F uptake
among three materials (p>0.05). On F uptake from MI or
F3, the F concentration of “after pH-cycling” was higher
than that value of “before pH-cycling “(p<0.05).

Graduate School of Science, Osaka University,
Department of Advanced Radiation Technology, TARRI, JAEA

DThe Wakasa wan

Discussion

To estimate  caries prevention effect  of
fluoride-containing dental materials, the F uptake was
investigated in enamel around materials during pH-cycling®
as the F uptake resulted from the precipitation of fluorapatite
Cayo(POy)sF, (i.e., remineralization). For dentin under
fluoride-containing coating materials (FMMCs), F uptake
was analyzed same as enamel. Therefore, it is speculated
that these two FMMCs were effective in reducing the dental
caries, since F uptake was shown on group CT and MI.

Fluorine measurement values indicated that the MI
varnish facilitates F uptake even after removing from the
dentin surface. This difference between FCCMs is due to
the different amount levels of calcium, phosphate and the
base materials. MI only includes casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP) and polyvinyl
acetate.

Conclusion

After removing of Fluoride-containing coating materials
from the dentin surface, F uptake was observed. These
kind materials would be effective for preventive dentistry.
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Table 1 The average fluorine concentration (ppm) in
dentin under materials at area of 70 um from the surface.

Before After
pH-cycling pH-cycling
NO 369 + 227 385+ 151
CT 186+ 65 1842 + 1766
F3 643 £ 127 1541+ 514
Ml 420 + 145 3760 + 3000

Mean + SD, n=6.
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Neutron Capture Therapy (NCT) is a characteristic
radiation therapy for malignant tumors, which uses nuclear
reactions of thermal neutron and the NCT agent. These
agents have large cross-section to capture neutrons,
accumulate selectively to the malignant tumor cells. For
example, °B has large cross section (3,838 barn) and
nuclear capture and fission reactions 1°B (n, «)’Li generate
high LET particles. Though these particles have 5 to 9 um
pathway only, surrounding normal cells could escape from
the radiation damage. For the ideal NCT treatment, NCT
agents should have high accumulation into tumor cells and
have low accumulation into surrounding normal cells.
In the Clinical BNCT trial, there are only two boron
compound were used, but tumor/normal boron concentration
ratios were not sufficient to achieve cure of invasive
malignant tumors. Gadolinium-157 has high cross-section
(254,000 barn) and MRI contrast agent containing
Gadolinium is widely used as a diagnosistic drug. But still
useful gadolinium compound for NCT has not been
developed because of toxicity. Fullerene is a class of
sphere-shaped molecule made exclusively of carbon atoms.
Metallofullerene is the complexes of metal-containing
fullerene?.  According to the previous studies, Gd@C82 is
a type of metallofulleren which is encapsulated gadolinium
atom inside fullerene, and is a potentially useful gadolinium
compounds for NCT?. To clarify the bio-distribution of
the Gd-containing-fulleren, micro-particle induced X-ray
emission (Micro-PIXE) has used.

Cultured undifferentiated colon carcinoma cells (CT 26)
were injected subcutaneously to rt. thigh of BALB/c mice.

After the tumor growth, Gd@C82 was injected
intravenously via tail vein. Forty-eight hours after the
administration, the tumor was removed. The samples were
cryosectioned and attached on polycarbonate film and freeze
dried. Micro-PIXE analysis was performed at Takasaki
lon Accelerators for Advanced Radiation Application
(Takasaki, Japan). These samples were irradiated with
proton beam (3 MeV).

The distribution of Phosphorus in tumor samples was
shown in Fig. 1A. The distribution of Potassium and
Gadolinium in tumor samples was shown in Fig.1B and 1C.
Tumor cells showed highly distribution of P and K, and
especially, cell nucleus revealed the high distribution of P.
Fig.1C showed the distribution of Gd@C82, and merged
image showed the Gd distribution was matched the tumor
cell.

The biodistribution of gadolinium compounds in tumor
cells is very important information to develop a new NCT
agents and essential information for effective NCT® %,
Micro-PIXE technique is wuseful for imaging the
bioditribution of gadolinium, and Gd@C82 is potentially
useful gadolinium carrier for NCT.
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Fig. 1 The distribution of Phosphorus atoms in tumor samples (A), Potassium (B) and

Gadolinium (C), (50 pum x 50 pm).
K (green), Gd (red), (50 umx50 pm).

D is showing merged image of P (blue),
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Pulmonary alveolar proteinosis (PAP) is a rare disease occurred by idiopathic (autoimmune) or secondary to particle
inhalation. The aim of this study was to assess the secondary PAP due to inhalation of harmful particles by employing in-air
micro-PIXE analysis in TIARA for particles and intracellular iron in tissue specimens obtained from a PAP patient comparing
with normal lung tissue. The elements composing particles and their locations in the PAP specimens could be identified by
in-air micro-PIXE analysis, with magnesium (Mg), aluminum (Al), silicon (Si), phosphorus (P), sulfur (S), scandium (Sc),
potassium (K), calcium (Ca), titanium (Ti), chromium (Cr), copper (Cu), manganase (Mn), iron (Fe), and zinc (Zn) being
detected. Si was the major component of the particles. Serial sections stained by Berlin blue revealed accumulation of
sideromacrophages that had phagocytosed the particles. The intracellular iron content of alveolar macrophage from the
surfactant-rich area in PAP was higher than normal lung tissue in control lung by both in-air micro-PIXE analysis and Berlin

blue staining.
iron in alveolar macrophages.
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The results suggest that secondary PAP is associated with exposure to inhaled particles and accumulation of

7sua7y—YOHIZ Fe OEMIIBRO LMo
(Fig. 1),

2 WHED i AIEIL, WAKL T EREE O~ a >
7 —UNIZ Fe DEMMR R B, T B BAREDFRAEIZ

BET 2 LvrRman,

wrigg

Fig. 1 In-air micro-PIXE analysis of an alveolar macrophage
from the surfactant-rich area of PAP lung. The microbeam
was focused on a 30 um x 35 um area of the lung to analyze
the intracellular distribution of elements in an alveolar
macrophage. Two-dimensional analysis was performed on
the intracellular distribution and intensity of elements in an
alveolar macrophage. The strength of Fe, P, Si, and S in
lung tissue is shown by gray to white dots. Cell
morphology was identified by the distribution of P located in
the surfactant-rich area, which was identified by the
distribution of S.  The intracellular content and distribution
of Fe, S and P in an alveolar macrophage are shown in
mixed colors (Mix) as follows: Fe (red), S (green), and P
(blue). A serial section of the area subjected to micro-
PIXE showed a negative stained iron in a macrophage for
Berlin blue (BB) (x 1000).

Reference
1) Y. Shimizu et al., Respir Res. 12(2013)88.
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Analysis of Erythrocytes in Hepatitis C Patients Treated

with Peg-interferon Using In-Air Micro-PIXE

S. Tomioka®, T. Nagamine®, T. Akutsu®, T. Satoh?,
M. Koka® and T. Kamiyab)

? Graduate School of Health Science, Gunma University,
b) Department of Advanced Radiation Technology, TARRI, JAEA

Chronic  hepatitis C  patients  treated  with
pegulated-interferon and ribavirin (Peg-IFN+RBV) and
protease inhibitor (Peg-IFN+RBV+PI) are frequently
associated with hemolytic anemia, whereas the mechanism
of anemia is not fully understood. This study is aimed to
analyze the elemental changes in erythrocytes in order to
investigate the pathogenesis of anemia caused by
combination of Peg-1FN and anti-viral drugs.

Eight patients with chronic hepatitis C (2 cases treated
with Peg-IFN alone, 3 cases treated with Peg-IFN+RBYV, 3
cases treated with Peg-IFN+RBV+PI), and three healthy
controls were enrolled in this study. Whole blood was
collected via peripheral vein, and the sample for PIXE
analysis was prepared by the modified method of Ortega.
Elemental distributions of erythrocytes were analyzed by
In-Air Micro-PIXE at JAEA-Takasaki, Japan n,

The shape of erythrocytes, so-called the donut-like,
became blurred markedly in Peg-IFN+RBV and
Peg-IFN+RBV+PI cases, mildly in Peg-IFN cases. Dots of
Cl, S and K distributed around a limb of erythrocyte, which
fitted with the shape of erythrocytes in controls.
In Peg-IFN cases, Cl, S, and K aggregated and diffused
spreading over the erythrocytes. These elements tended to
fall in pieces in the erythrocytes in Peg-IFN+RBV and
Peg-IFN+RBV+PI cases (Fig. 1). Small granules of Ca
were found in control erythrocytes, and granular size of Ca
became larger in Peg-IFN+RBV and Peg-IFN+RBV+PI
cases. Dots of Fe were distributed granularly dividing into
3-4 peace in normal erythrocytes. Typical donut-like
distribution of Fe dots was diminished, and compensatory
nodular or patchy aggregation of Fe dots was observed in
Peg-IFN+RBV and Peg-IFN+RBV+PI cases. Distribution
of P and Na in normal erythrocytes were similar to those of
Peg-IFN alone, Peg-IFN+RBV and Peg-IFN+RBV+PI
cases.

Dots of Mn in erythrocytes were decreased by Peg-IFN.
Fe and Zn levels in erythrocytes were similar between
controls and Peg-IFN alone, Peg-IFN+RBV and
Peg-IFN+RBV+PI cases (Fig. 2). Cu levels in erythrocytes
were increased in Peg-IFN+RBV+PI cases compared to
controls.

In conclusion, the elemental changes in the erythrocytes
in hepatitis C patients treated with Peg-IFN with or without
anti-viral drugs, suggesting that some trace elementals may
participate into the pathogenesis of anemia complicated with
IFN therapy.

Reference
1) T. Nagamine et al., JAEA Takasaki Annu. Rep. 2011
(2013) 85.
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Peg IFN
+RBV+PI

Control Peg-IFN

Fig. 1 Elemental maps of P and S within erythrocytes.

Fig. 2 Elemental maps of Mn and Fe within erythrocytes.
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Trial for Targeting of Anticancer Drugs, Using

Radiosensitive Immunolabelled Microcapsules

S. Harada®, S. Ehara?, K. Ishii”, T. Satoh®, T. Kamiya® and M. Koka®
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b) Department of Quantum Science and Energy Engineering, Tohoku University,
© Department of Advanced Radiation Technology, TARRI, JAEA

We have been developing the targeting of anticancer
drug using microcapsules that release anticancer drugs with
response to radiation®?. First, the microcapsules are
delivered in capillaries around the tumors. Second, the
tumors are irradiated and the microcapsules release
anticancer drugs. Finally, released anticancer drugs act
synergistically with radiation, resulting in increased
anticancer effect, and localization of anticancer drugs by
microcapsules reduces adverse effects?.

We have previously developed such liquid-core
microcapsules using alginate polymerized with Fe®* and
hyaluronic acid.  Radiation causes the conversion of
hyaluronic acid into acetyl-glucosamine, while alginate-Fe®*
is depolymerized and exchanges Fe?* for Fe*'. This
technique permits the encapsulation of carboplatin (Platinum
containing anticancer drugs) and labeling of capsules with
the avp3 antibody?.

Recent reports have shown that the avf3 antibody is
produced in the vascular endothelium of metastatic tissues
of mammary tumors®. By labeling the radiosensitive
microcapsule with avB3 antibody, which contains
carboplatin, the intravenously injected microcapsules may
then accumulate in capillaries around the tumor, through an
antigen-antibody reaction with the avp3 antibody. In this
study, accumulation of microcapsules to mammary tumor
through antigen-antibody reaction of avp3 was tested.

The mixture of 0.2% alginate and 0.1% hyaluronic acid
was prepared and 5mg Carboplatin (Pt containing anticancer
drug) and 1 g L-ascorbic acid were added. A droplet of
this mixture was sonicated using an ultrasound disintegrator
and atomized to yield a 0.1 mol solution of CaCl, and FeCl,
supplemented with 5 pg avp3 under vibration2.

The generated capsules observed in micro PIXE camera
at TIARA were shown in Fig. 1A, basing on Fe and Pt
distribution of microcapsules. Their mean diameter was
0.78+0.054 um. 1x 10 of microcapsules were injected
through tail vein of C3He/N mice with MM 48 (mice
mammary tumor) in their left hind leg. The microcapsules
were allowed to interact with avp3 for 6 hours. Then the
tumors were taken and covered with dry ice powder, and cut
into 3 pum thick slices and routinely processed to micro
PIXE samples. Then number of trapped capsules through
antigen-antibody reaction of avp3 was counted within 25x
25 pm views of micro PIXE camera (Fig. 1A). The
number of microcapsules that was trapped in tumor vessels
were shown in Fig. 2. The trapped microcapsules
significantly increased relative to avB3 unlabeled

50 75 100 125

2.5 5.0 7.5 10.0 12.5 15.0

NC20Gy1_8Fe_sm_rs_md NC20Gy2_9Fe_sm_rs_md

Fig. 1 Fe & Pt distribution by micro PIXE camera.
A: Before irradiation, B: After irradiation.

S

The number of trapped microcapsules

avf3 unlabelled avpB3 labelled

Fig. 2 Accumulation of microcapsules through antigen-
antibody reaction of avB3. S: Significantlly different.

microcapsules. A single dose of 10 or 20 Gy X-rays
(100 keV) were given to those accumulated microcapsules.
The microcapsules released carboplatin with response to
radiation, which occurred for 78.2£2.3% of microcapsules
in 10 Gy and 86.2 +4.9% of those in 20 Gy (Fig. 1B).
This may lead to new method for targeting anticancer drug
by radiation.

References
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Development of Method for Plant Material Analysis

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

T. Yamamoto, H. Noda, J. Furukawa and S. Satoh

Life and Environmental Sciences, University of Tsukuba

Plants need various trace elements and the measurement
of those contents and the localization analysis in plant tissue
are very important to identify its functions. Some elements
can visualize by chemical staining, but these methods have
low resolution and can detect only one element.
Micro-PIXE (Particle Induced X-ray Emission) method can
detect multi-elements at the same time and visualize with
high resolution image, so it is very useful for identifying
where the elements localize. In micro-PIXE, especially
which set samples on atmospheric pressure condition,
various types of sample preparations are acceptable for the
analysis. In this study, we analyzed paraffin embedded
section and frozen section of plant sample to compare the
difference of the sample preparations, and to clarify the most
suitable condition for micro-PIXE at TIARA.

For the paraffin section, rice leaves were fixed by
phosphate  buffer  containing  glutaraldehyde  and
paraformaldehyde, and were dehydrated by ethanol and
n-butyl alcohol. After that, rice leaves were embedded in
paraffin and sliced to 15 pm sections by microtome. For
freeze section, fresh rice leaves were embedded in the
compound for freeze section, and sliced to 5 pm sections by
freezing microtome. Each section was put on
polycarbonate film and exposed by 3 MeV H* beam, then
characteristic X-ray was detected. In paraffin sections,
silicon (Si), calcium (Ca) and manganese (Mn) were
detected by 3 min exposure, and potassium (K) and zinc
(Zn) were detected by 60 min exposure (Fig. 1). In freeze

sections, Si, K, Ca and Mn were detected by 6 min exposure
(Fig. 2). Silicon was observed at surface of leaf and Ca was
visible as dots at inside of rice leaf, and there were no

A

Fig. 1 Micro-PIXE image of rice leaf with
paraffin section. Exposure time was
60 min. Blue: Si, Green: Ca, Red: Zn,
White: K. vt: vascular tissue, ph:
phloem, mc: motor cell. Arrow heads
indicate co-localization of Si and K.
Scale bar is 100 pm.

Blue: Si, Green: Ca, Red: Mn, White: K.
tissue, ph: phloem. Arrow heads indicate co-localization of Si and K.
Scale bars are 50 pm.

section.

differences in their localizations between paraffin section
and freeze section. Manganese was co-localized with Ca at
the inside of rice leaf in paraffin section, while, in the freeze
section, a part of Mn was not co-localized with Ca.
Potassium detected in paraffin section was co-localized with
Si, however, in freeze section, it localized at whole of tissue.
Zinc localized at vascular tissue, phloem, and basal part of
motor cells.

From these results, differences of detected elements by
the preparation method and exposure time were shown. It
is considerable that the difference by the exposure time
depends on content of element, but the difference in the
preparation methods was caused by the chemical form of
elements in the plant tissue. To make paraffin section,
plant tissue was soaked in fixing solution, so in this process
soluble-form elements may be leaked outside of plant tissue
and only insoluble-form elements remain in plant tissue.
To make freeze section, fresh plant tissue was embedded in
compound and rapidly frozen, so both soluble- and
insoluble-form elements remain in plant tissue. Therefore,
it might be possible to estimate the chemical forms of
elements in plant tissue by comparing the results obtained
from paraffin and freeze section. In fact, it is known that
Si and Ca mainly exist as insoluble-form in plant tissue,
consisted with the results of our study.

From these results, micro-PIXE analysis can be
applicable to rice leaves by using paraffin and freeze section,
and is a promising tool for estimating the chemical form of
each element in the plant tissue.  Consideration of
conditions for various plant materials is now in progress.

Fig. 2 Micro-PIXE image of rice leaf with paraffin and freeze section.
Exposure time was 3 min for paraffin section and 6 min for freeze

vt: vascular
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Sensitivity of Micro Beam PIXE System in TIARA for

Several Trace Elements and Determination of
Elemental Abundances in a Small Organism
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Standard Reference Material (SRM) for determination of trace elements in biological materials was made by macro

porous cation-exchange resin (Macro-Prep 25S).

determined by dry digestion / volumetric titration with the standard Ba?* solution as SO,*.
standard solution containing the known amount of trace elements.
Individual particle of the resin was subjected to 3 MeV proton bombardments by micro beam system of

0-270 ppmv.

Sulfur is main inorganic element in the resin and its concentration was

The resin was suspended in the
The concentration of those elements in the resin was

TIARA. PIXEana program was used to analyze peak count for each characteristic X-ray. Sensitivity for Al, S, Ca, Mn, Fe,
Co, Ni, Cu, Zn, Sr and Pb for Si(Li) and PureGe detectors were calculated by elemental abundance in the resin and dose of

proton.

L FF PIXESHTICHITDIEE DK IER AT EOF At
B D7D, A4 B IE P I AT H e R & B R
EHTOEEREYE (SRM) 2R3 L C&z, 2 E T, Rtk
7-11 pmD~ 7R —F AR A AZ MR IR 12, A 1A B 5E
Tt DAl Ca, Mn, Fe, Co, Ni, Cu, Zn, Sr, PtIE L UPh%E—
TEBE T SRMZFIRIL | FFIE X L on R IR & L0
5. TIARA~ A Z7OPIXES AT MMIRITBSi(Li) HERIC X
BICRIMTIRIE 2R D721 D, A ENL, BhA A Akt s
RO ES A B LFEOW TRD, ZhELEICSOSHT
BIEE RO, -, FRBEASINTZELESITHO
PureGefi HH 2R IZ LA 0 TR 2 3R D 7o, ZAH D 43 HT IS
FEMD SN EY O F I XY AR YU L3 (Brachionus
Plicatilis, VAL IZE FNAILHEFH BETIARA~ (/1
PIXEV AT ATEELIZOTHET D,

2. 2B SRMOFAB wi@lALE, ~7/aR—7 285 A4
ZZ B iEMacro Prep 25S (Ri%25 um, BIORAD) I, #f
NEIAREH -V DG A B0 - 270 ppmvEBEPERIICELEH
7-6TEREOSRMA T I L 7-2,

SRMHEDREDER —E A (0.36 mL) DA 53Ha
WIS 2B TE 7 7 ARBEIE T KVIRAL L, i) % 3% @R
L7k FEAKIZSOZEL TS B 72, ZDS02 I,
Sulfonazo N%&#5=3EE L. 0.01 mol/L Ba?* 1 ey ie 4 H
WTIZuE 2Ly M ROV TR ELEY,

NSO RFTREERR (KZ300-350 umDT AU,
A TB52 U7 %k %8 (Nannochloropsis sp.) Z #5851 .
AN TR CREE L=, 20T A L (K% Polycarbonate
BEICAT A S, RSB LT,

< AZaPIXES#H TIARA~AZBPIXEY AT AIZT.
3 MeV H' b — A&V 77> TR LIZ, 2%y
YRVTNE, A HBIE O A, 29 X 29 um, UL D
$E13200 X 200 pm&L, KEH1300 - 400 nCO IR 21T
STz, fEHTIZ. PIXEana TIT 577,

3. MRLER SRMBEDSERE 4RO ERESITORE
B AL RBBIE T OERBEHZVOSOE F &L,
2056 + 19 pg/mLEAGRSD TR R <R Eo72,
SHREDER ATHRILFEBED LT, B OKFE
DHILHE B, WS RN EW &R L ORHEXRO S
DU RD, TEHEL pgdh7=V1 nCHRENC LD EHEXER DB
UMEERD | BIROFER LG D TORLZ (Table 1), 3

The sensitivity value was applied for determination of elemental abundances in a small organism.

kR D 28 B 73 20-30% 5 JEE &R0 R0 K E U AY, Si(LiR H 2
TIX20094F DfE R & L UEHRZT— LT, FHET
%, PoIAA DT FE TS
DHEF10-40% 5L 72Tz,
F7-. PureGelg #1282

. analytical
Mn, Fe, Co, Ni, Cu, Zn, Sr area
FBEUPh D & & 45k
iz, T, Si(Li)iH
ZREVRIAME R ED -T2,

A e o S I &Y
Fig. LIZRT UL DA
4y (50 X 50 um) D ILHELF
TERERDT, DR,
S:110, Ca:41, Fe:1.2, Cu:0.1
BLUSr0.8LENZpg
AL TR,

Table 1 Analytical sensitivity for several elements by
microbeam PIXE in TIARA.

Fig. 1 Elemental mapping for
S in Brachionus Plicatilis

and analytical area for
elemental abundances.
Image Size : 200 X 200 um.

Sensitivity/Count pg *nC ()

Si(Li) * Si(Li) ** PureGe*
Al 100+£16 (14) 80%19 (17) ND
S 7413 (13) ND ND
Ca 7114 (14) 6014 (18) ND
Mn 38+5  (3) 277 (@) 140222 (3)
Fe  33+11 (7) 25+6 (9) 130x23 (V)
Co 2410 (6) 167 (8) 91+40  (6)
Ni 156  (8) 13+3 (8 65+11  (8)
Cu 18%7  (6) 11+3 (8 6522  (6)
Zn  10+2 (8) 8019 (8 6211  (8)
Sr 12%06 (8) 09+04 (9) 47%13 (8)
Pb 1003 (14) 14+03 (17) 53+15 (14)

* This work, **Measured at 2009 2.
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Synthesis of Radiohalogen-labeled Peptide with High

Affinity to HER2/neu Receptor
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Radioisotope (RI)-labeled peptides with high affinity to
receptors overexpressing on the surface of tumor cells are
promising for applications in nuclear medicine such as
diagnostic radiography (positron emission tomography
(PET) and single photon emission computed tomography
(SPECT)) and radiotherapy Y. MARSGL (H-Met'-Ala*
Arg®-Ser*-Gly®-Leu-OH), a linear peptide consisting of six
amino acids, has high affinity to HER2/neu receptor
overexpressing in various cancer cells?. Radiohalogens
(radionuclides) such as radioiodine and radiobromine are
versatile for clinical imaging and therapeutic applications®.
Thus, radiohalogenated MARSGL may have potential for
clinical applications for HER2/neu overexpressing tumors.
In this study, we designed a radioiodinated peptide,
F(p-*1)MARSGL, in which phenylalanine labeled with |
(ty, = 8.0 d) at the para position of the aromatic ring is
introduced into the N-terminal of MARSGL. Although
electrophilic destannylation is one of the most useful
methods for radiohalogenation of aromatic compounds,
radiohalogenated peptides prepared via electrophilic
destannylation have hardly been reported. Therefore, we
report synthesis of a stannylated peptide, Boc-F(p-SnBus)-
MAR(Pbf)S('Bu)GL-OH, by solid phase peptide synthesis
(SPPS), and subsequent radioiodination to obtain
F(p-*1)MARSGL via electrophilic destannylation.

Synthesis of F(p-"*'I)MARSGL is outlined in Fig. 1. 2
was prepared by iodination of phenylalanine in the presence
of 1, and NalO3 in 70% yield. 2 was acylated with (Boc),0
and then converted to the methyl ester using an EDC-DMAP
method to afford 3 in 77% yield. Stannylation of 3 was
carried out via Pd(0)-catalyzed coupling reaction with
bis(tributyltin) as reported previously ¥.  The desired
compound (4) prepared in 58% yield was then saponified in
the presence of NBu,OH aqueous solution to yield 5.
These compounds were used for SPPS without further
purification since a SnBuz group is sensitive to acidic
conditions. A stannylated peptide (9) was synthesized via
conventional Fmoc-SPPS using H-Leu-2-cholorotrityl resin
(6, substitution: 0.90 mmol/g resin). Fmoc-SPPS usually
requires strong acid for cleavage from resin and removal of
protection groups in side chains, but a SnBus group is quite
sensitive under acid conditions. Therefore, we chose the
strategy in which a stannylated peptide was cleaved without
deprotection by using weakly acidic conditions before
radioiodination. Cleavage of the stannylated peptide was
investigated by using three acidic conditions; 25% HFIP in
CH,Cl, (A), 10% AcOH and 10% TFE in CH,CI, (B), and

)Graduate School of Pharmacy, Chiba University

0.5% TFA in CH,CI, (C). In the HPLC analysis of each
solution after cleavage, the peak corresponding with the
stannylated peptide was observed in two cases (A and B),
while the peak of the stannylated one was not detected in the
case of the solution of C. Based on the result, cleavage
from the resin by treatment with the solution 25% HFIP in
CH,Cl,, and following purification by gel filtration
chromatography using Sephadex LH-20 was conducted.
As a result, HPLC fractionation gave the desired precursor 9
in 49% yield from 6. The protected radioiodinated peptide
(10) was synthesized in the presence of Na'*'l and NCS.
In the HPLC analysis, radiochemical yield in this step was
99%, indicating that radioiodination of the peptide
progressed almost quantitatively via electrophilic
destannylation. 11 was then obtained by treatment with
deprotection reagents, and then purified with solid phase
extraction followed by HPLC fractionation. The overall
yield from the radioiodination of 9 was 95%. Thus, these
results clearly indicated that the desired compound was
obtained successfully in good yield.

In conclusion, a stannylated peptide used for
radiohalogen labeling was successfully prepared via
Fmoc-SPPS using H-Leu-2-cholorotrityl resin. The
radioiodinated peptide was obtained via electrophilic
destannylation in very high radiochemical yield. We are
pursuing in vitro evaluation using HER2/neu overexpressing
cancer cell lines to show possibility as radiopharmaceuticals.

|
_ boNaoy I (B990, 1M NaOHag, bis(SNBU;), Pd(PPhy),
sto ACOH Il MEOH, EDC, DMAP, g dioxane
OOH CHCl, H
2 (70%) 3 (77%)
SnBu, SnBu,

CooMe
40% NH,OHag.
Boc CHsCN Boc
\u -COOMe \u OOH

Use for Fmoc-SPPS
without purification.

4 (58%) 5
Ccaupling
O Fmoc-amino acids, O
HATU, DIEA, DMF
H- Leu o 'BU)GL- o
O Q— D= O Q oo HATU, DMF
O Deprotection ’
20% piperidine in DMF
6 (0.090 mmol/g) 7
e Cloavage
cl 250 HFIP in CH,Cl,
BOC-F(p-SNBU;)MAR(PbfyS(BU)GL-O <) Q BOC-F(p-SNBU;)MAR PbfyS(BU)GL-OH
8 ‘ 9 (49% from 6)
Nafi3t, NCS . . TFA, EDT, TIS, H,0 131 r
BOC-F S(BUYGL-OH H-F OH
"ACOH, MeoH (P~ HMAR(PRE)S(BY) (Cam)]
10 (99%*) 11 (98%*)  *Radiochemical yield

Fig. 1 Synthesis of F(p-**!1) MARSGL.
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Complexation of Lutetium-177 with Bifunctional Chelators

in the Presence of Competing Metals
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Lutetium-177 is considered to have potential for
application in radioimmunotherapy because it emits
B-particles (Epmax =498 keV) suitable to penetrate small
tumors and its physical half-life of 6.734 days is long
enough for "Lu-labeled antibodies to accumulate to tumor
sites. In addition, real time imaging of biodistribution can
be done by using the y-rays (E,=113 keV and 208 keV)
emitted from *’Lu, whose energies are particularly suitable
for imaging by single photon emission computed
tomography.

We have succeeded in the production of high purity
no-carrier-added ’Lu of capable of labeling antibodies
using reversed-phase ion-pair liquid chromatography ¥.
Usually, as bifunctional chelating agents of the labeling
antibodies, DOTA (1,4,7,10-tetraazacyclododecan-N,N’,
N’’,N’”’-tetraacetic acid) and DTPA (diethylenetriamine-
N,N,N’,N’’,N’’-pentaacetic acid) are mainly used.
Therefore, we carried out the labeling experiment of
17 y-DOTA-antibody by using the Y’Lu produced in our
method in that study. As a result, it was found that metallic
impurities such as Ca, Fe and Zn inhibited the complexation
between Y’Lu and DOTA. However, the details of the
inhibition by the metallic impurities have not been
understood.  Therefore, in the present study, the "’Lu
complexation of DOTA and DTPA was investigated by the
addition of competing metals, Ca, Fe and Zn.

The Y Lu used in this experiment was produced by
78 y(n, )YLu process. For the experiment of "Lu
complexation of DOTA and DTPA, to the mixture of 5 puL
of the "’Lu solution (5.0x10° M as Lu) and 5 puL solution
of the competing metal (Ca(ll), Fe(ll) or zZn(ll)) in a
prescribed concentration, 0.875 uL of acetate buffer (3 M,
pH = 6.0) was added. After that, a 10 pL solution of
DOTA or DTPA (5.0 x 10° M) was added.  After
incubating for 1.5 hours at 40 °C, the complexation yield,
which was defined as a percentage of the radioactivity of
177 y-DOTA or Y"Lu-DTPA to that of *"Lu used for the
complexation, was determined by thin layer chromatography
on silica gel ITLC using aqueous ammonia : methanol :
water (0.2 : 2 : 4) as a developing solvent. The unreactive
177y remained at the origin point of a silica gel ITLC strip
and the *"Lu-DOTA or *"Lu-DTPA moved to the solvent
front.

Figure 1(a) shows the results of Y’Lu complexation of
DOTA and DTPA by the addition of Ca(ll). The 'Lu
complexation yield of DOTA decreased with increasing
[Ca(ID]/[Lu], while that of DTPA remained high even at
[Ca(I]/[Lu]=50.  This result indicates that "’Lu
complexation of DOTA was more inhibited by Ca(ll) than

that of DTPA.

The results of Y’Lu complexation by the addition of
Fe(ll) and Zn(ll) are shown in Figs. 1(b) and 1(c). The
Ly complexation yields of both DOTA and DTPA
decreased with increasing [Fe(I)]/[Lu] and [Zn(1I)]/[Lu].
From comparison between DOTA and DTPA, the decrease
of the complexation yield of DOTA was rather steep
compared with that of DTPA in both cases of Fe(ll) and
Zn(1I). Therefore, the inhibition for the Lu
complexation of DOTA was larger than that of DTPA.

Consequently, the "Lu complexation of DOTA was
more inhibited by Ca(ll), Fe(ll) and Zn(ll) than that of
DTPA. Therefore, it was found that DTPA s
advantageous for Y7Lu complexation compared with DOTA
in the presence of competing metals, Ca, Fe and Zn.

Reference
1) S. Watanabe et al., Jpn. Patent Applic., 2010-223827.
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Production of **N-labeled Nitrogen Gas Tracer for the

Imaging of Nitrogen Fixation in Soybean Nodules
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A. Koyanagi®, T. Ohyama® and S. Fujimaki®

a)MedlcaI and Biotechnological Application Division, QuBS, JAEA,
®)Graduate School of Science and Technology, Niigata University

Nitrogen is the most important nutrient for the plants.
Soybean can utilize nitrogen from atmospheric N, fixed by
nodules which are symbiotic organs of leguminous plants
with soil bacteria, rhizobia.

In the beginning of this research project, we set our
methodological goal to visualize and analyze the nitrogen
fixation in the nodules and subsequent nitrogen transport to
the aerial part in a plant using N and PETIS
(positron-emitting tracer imaging system). Previously, we
have developed a method of production of highly purified
1%N-labelled nitrogen gas tracer using gas chromatography
and successfully visualized nitrogen fixation in intact
nodules. However, the yields of the tracer were only a
few ten megabecquerels and too low to visualize the
transport of fixed nitrogen to the aerial part. Therefore, we
have been trying to improve the production method to gain
much higher radioactivity with consideration of the very
short half-life of *N (10 min)?. In this study, we tested a
new technique to turn the main by-product [**N]N,O into
the desired product [**N]N, directly.

N was produced using the system indicated Fig. 1.
CO, was filled in a target chamber and irradiated with
proton ions at electric current of 5 pA for 10 min delivered
from the cyclotron (TIARA). Approximately 200-
300 MBq in total of [**N]N,O and [**N]N, were generated at
the end of bombardment. The irradiated target gas was

collected into a plastic bag and added with nonradioactive
N, gas. CO; in the gas was absorbed by soda-lime filled in
a quartz tube. [*N]N,O in the remained gas was reduced
into [**N]N, by Cu powder heated at 600 °C with electric
furnace (Fig. 1). Finally, approximately 150-200 MBq of
N was collected and the composition of tracer gas was
checked with gas chromatography. As shown in Fig. 2,
only N, (at 2 min) but neither CO, (at 12 min) nor N,O (at
17 min) was detected. Therefore, it was confirmed that
highly pure and radioactive [**N]JN, tracer was obtained
(Fig. 2).

This gas was fed to the underground part of a soybean
plant, and serial images by PETIS were collected for 1 h
(360 frames x 10 seconds).  As a result, signals of N were
observed in the stem (Fig. 3). In other words, the transport
of the fixed nitrogen was successfully visualized with PETIS
(Fig. 3).

In conclusion, we successfully established a new
production method of **N-labeled nitrogen gas tracer for the
imaging analysis of nitrogen fixation and subsequent
transport in soybean.

References

1) S. Ishiietal., Soil Sci. Plant Nutr. 55 (2009) 660-66.

2) S. Ishii et al., JAEA Takasaki Annu. Rep. 2011 (2013)
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Oxygen plays the dilemmatic roles in biological nitrogen
fixation process. It is necessary for the respiration of
bacteriods in nodules but it has also strong negative
influence on nitrogenase, which catalyzes the synthesis of
ammonium from atmospheric N,.  To sustain the symbiotic
nitrogen fixation process, legume nodules have to adapt
their roles in regulating internal O, concentration in order to
optimize cell condition in nodules.

So far, the studying of effects of O, levels on nitrogen
fixation was based mainly on measurement using the
acetylene reduction. This is a simple, inexpensive and
highly sensitive method for studying of nitrogen fixation
activity in plants but it only shows the change of acetylene
to ethylene and not provides the real rate of nitrogen fixation
directly. In the present study, the effects of O, levels on
nitrogen fixation were visualized by a positron-emitting
tracer imaging system (PETIS), which is an advanced
technology developed for studying of plant nutrition. This
technique can provide the capacity to visualize the dynamic
transport and allocation of metabolites at large distance
scales and consequently gives information for understanding
the whole-plant physiological response to environmental
change in real time. We successfully visualized the N
fixation in soybean using PETIS in a previous study (Ishii
et al., 2009).

In this study, the soybean (Glycine max [L.] Merr. cv.
Williams) plants were inoculated with Bradyrhizobium
japnicum and cultivated with a hydroponic nutrient solution
without nitrogen. Soybean plants at 26 days after sowing
were treated with 50 mL of mixed gas containing [**N]N,
tracer and various proportions (0%, 10%, 20%) of oxygen.
The fed gas was kept for 10 minutes in the acrylic box
containing the underground part of the plant. PETIS
imaging was performed when [**N]N, tracer was introduced
in the acrylic box. A frame of the imaging was obtained in
every 10 seconds and the measurement was continued for
1 hour. The PETIS images were reconstructed and
analyzed by ImageJ software.

The integrated images (Fig. 1) after flushing out of the
tracer gas show strong signal on the nodules and faint signal
on the stem. The time-activity curves (Fig. 2) show that
nitrogen fixation activity at nodules was highest with 20%
0O, and lowest with 0% O,, and it was not significantly
different between 0% O, and 10% O, in these experiments.

This result indicates that nitrogen fixation activity of
soybean nodules was limited by the decline in rhizosphere
O, and was fully depressed under low O, levels below 10%
although it was not completely inhibited.

References

1) S. Ishiietal., Soil Sci. Plant Nutr. 55 (2009) 660-66.

2) W. S. Rasband, ImageJ, U. S. National Institutes of
Health, USA (1997-2012). http://imagej.nih.gov/ij/.

Fig. 1 PETIS images of *N activity in soybean nodules at
different O, compositions. A, 20% O,, B, 10% O,,
C, 0% O,. Red circles indicate nodule region used for
time-course analysis.
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Because of the accident at the Fukushima Daiichi
Nuclear Power Plant of the Tokyo Electric Power Company,
Inc., an extensive area of agricultural fields was
contaminated with radioactive materials. There are still
major concerns of elevated rates of ambient radiation dose
in the neighboring areas around the nuclear power plant and
potential pollution in agricultural products. Cs-137 is the
most of soil contaminant, which was reported to have a
16-18 years half-life in agricultural fields affected by
physical decay and soil erosion.  Therefore, further
research is required on the behavior of radiocesium and its
transfer from contaminated soil to agricultural products.

Previously, we employed RI imaging method to
quantitatively assess the uptake of cadmium. Cadmium is
one of the major soil pollutants in the world, and we
successfully elucidated the mechanism of transport of
cadmium in the rice plants from root to shoot?. The RI
image data analyzed the absorptive function of a high
cadmium-accumulating rice cultivar, and also evaluated the
function of a cleanup ability of phytoremediation with a

high cadmium-accumulating rice cultivar?. We lead up to

the similar approach of RI imaging is competent in
determining the distribution of radiocesium in soil and
plants; in other words, we could analyze radiocesium
dynamics in the soil-plant relationship and construct a
“platform” for developing an application technology on the
basis of cesium kinetics in plants and environments.

Fig. 1 Photograph of Gamma Camera we have
developed.

ater culture

In this study, we selected a gamma camera (Fig. 1) for
gamma ray imaging of Cs-137 emitting at 662 keV.
Gamma camera is a common modality in biological and
medical imaging experiments but it is generally difficult to
apply for imaging against high-energy gamma rays over
364 keV. A pinhole collimator was fabricated with heavy
metal of tungsten to avoid the penetration and scattering of
gamma rays, since high-energy incident gamma ray
originates from Cs-137 tracer inside a test plant.
A gadolinium oxyorthosilicate (GSO) scintillator with a
thickness of 15 mm and a flat panel position sensitive
photomultiplier tube were adapted to the gamma camera to
obtain adequate high sensitivity. Giant  knotweed
(Reynoutria sachalinensis), which has potential as a cleanup
plant with high uptake capacity for cesium, was grown in
hydroponic solutions.  After exposed to approximately
400 kBq of Cs-137, images were taken for 15 h.  Sequential
images reveal the changing distribution of cesium into the
plant from the hydroponic solutions via the root system.

We have indicated real-time visualization of uptake of
radiocesium within an intact plant in the first time
successfully (Fig. 2).  Further, we believe that our
technique will be valuable for research on environmental
pollution caused by radioactive materials.

References

1) S. Fujimaki et al., Plant Physiol. 152 (2010) 1796.
2) S. Ishikawa et al., BMC Plant Biol. 11 (2011) 172.

edium

Fig. 2 Square in photograph of Giant knotweed indicates a
field of view of the gamma camera (left), and dynamic
images of Cs-137 kinetics for 15 h (Right).
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We have conducted noninvasive imaging of cadmium
(Cd) in intact plants using positron-emitting tracer imaging
system (PETIS) and '"’Cd (t1/2=6.5 h) for understanding
the mechanism of Cd translocation in plants. In our
previous imaging experiment, '°’Cd tracer has been fed to
the root of large plants such as rice, and obtain the serial
images of '’Cd distribution in the underground parts (roots
and culture solutions) or the aerial parts (shoots or grains)".
However, whole-plant images of '°’Cd distribution in both
underground and aerial parts have not been obtained because
the field of view (FOV) of PETIS is small (120 mm in width,
187 mm in height). In this study, we fed '°’Cd to dwarf
plants, Sedum plumbizincicola and visualized Cd dynamics
in a whole plant within the FOV of PETIS.

Sedum plants were cultured hydroponically in
1/2-Hoagland solutions. '’Cd tracer was produced and
purified at TIARA as described previously®, and fed to the
solutions containing 25 MBq of '“’Cd and 0.1 uM
nonradioactive Cd. The dynamics of '”’Cd in intact sedum

plants were monitored by PETIS for 30 hours.

Serial images of '"’Cd distribution in the

Fig. 1
underground and aerial parts.

Cd in shoot (nmol)

Figure 1 shows the serial PETIS images of '"’Cd
distribution The whole
physiological process, i.e., Cd uptake from culture solution,

in the whole sedum plants.
translocation from root to shoot and accumulation in shoot,
were successfully visualized in a single image. Figure 2
shows quantitative analysis of '“’Cd distribution in the root
and the shoot. The time courses of Cd amounts
demonstrated that the half amount of Cd fed to the solution
was taken up by the root within 2 hours, and the two-thirds
amount (2 nmol) was accumulated in the shoot after
30 hours.
represents a reliable method for the quantitative analysis of
In fact, this method has shed light on the
positive effect of nitrate on Cd uptake, transport and

These results imply the whole-plant imaging
Cd dynamics.
accumulation in S. plumbizincicola®.
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Fig. 2 Time course of Cd amount in the region of root
and shoot. A total of 3 nmol of Cd (0.1 uM) was fed to
the solution at the beginning of the experiment.
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This study is aimed to develop ion beam breeding
technology and useful plant resources. In particular, our
current research is focused on the step-wise improvement of
traits in ornamental plants. We also focus on improvement
of trees and functional ingredients in crops because little
knowledge has been accumulated in this area. Here, we
describe recent progress made in these studies.

Chrysanthemum variety ‘Princess (tentative name)’,
which has characteristic petal shape in the outer part of a
flower head, was irradiated with carbon ions. As shown in
Fig. 1A, petal shape variation in the branches of petal apex
was observed in the regenerated plants. Finally, 4 mutant
lines that have characteristic petals in a whole part of the
flower head were selected from about 1,500 regenerated
plants. The trial growing of one of the mutant lines in
FY2012 in Aichi prefecture was received well. Further
characterization of the other mutant lines will be performed.

We previously produced a new chrysanthemum variety
‘Aladdin’ that has a lesser number of axillary buds than
*Jimba’, a leading variety of chrysanthemum. We carried
out further improvement of *Aladdin’, because the flowering
of ‘Aladdin’ often delayed under a low temperature
condition.  The cultured leaves of ‘Aladdin’ were irradiated
again with carbon ions. Nine mutant lines were selected
that flowered 12-13 days earlier than “Aladdin’ under a low
temperature condition. Since the number of axillary buds
of these mutant lines was generally low for the propagation
of seedlings in practical use, we are trying re-irradiation of
these mutant lines. The growth of regenerated plants was
not bad even though they experienced three-time irradiation
in total from the starting material “Jimba’. So far, 21
candidate lines were selected for further characterization.

We are developing the ion beam breeding technology in
Citrus plants as a model for trees. The cut surfaces of
hypocotyls were exposed to carbon ions and the regenerated
plants were grown. There was a large difference in
radiation sensitivity among 7 kinds of commercial varieties.
The regeneration rate after 10 Gy irradiation was more than
90% in ‘Kawano-Natsudaidai’ but was less than 10% in
Trifoliate orange. Mutant plants with shorter internode
were successfully obtained in ‘Imamura-unshu’ (Fig. 1B).
Nobiletin, one of the citrus flavonoids, has been suggested
to have many potential health benefits. Nobiletin content
was measured in mutant population of ‘Shiikwaasaa (Citrus

depressa)’ and ‘Yuzu’. So far mutant candidate whose
nobiletin content was twice that of the original strain were
obtained in ‘Shiikwaasaa’.

Soybean is an important crop that provides food, oil,
forage and industrial raw materials. Genome sequence of
soybean revealed that ~75% of genes were present in
multiple copies. It is likely that gene duplication lowers
the efficiency of mutant production. We carried out a
detailed analysis of mutagenic effect of carbon ions in
soybean. We identified chlorophyll-deficient mutants in
the M, generation of plants irradiated at 2.0-7.5 Gy. We
examined whether seed components were altered in these
mutants. We analyzed contents of isoflavones, proteins,
fatty acids and starch in dried seeds. We found a decrease
in isoflavone content, an increase in protein content, and
both an increase and a decrease in fatty acid content in the
mutants. These mutants potentially confer genetic changes
that are useful for improving seed components. In addition
to these mutants, we have detected mutants that have an
altered morphology or altered maturity traits. We will
maintain these mutants and analyze the stability of the
observed changes.

In order to create useful plant resources in terms of
functional ingredients, dry seeds of traditional pepper
variety ‘Hirosaki Zairai’ in Aomori, were irradiated with
carbon ions. Several mutant candidates, which showed
increased blanching, fleshy fruits and shorter internodes,
were obtained in M, generation. Phenotypic analyses in
M3 generation suggested that the increased blanching
phenotype was under the control of a single recessive gene,
while the hereditary pattern of the other mutant traits was
unclear. Further analysis will be performed to confirm the
hereditary pattern of the mutant traits.

Fig. 1 (A) Petal shape variation observed in chrysanthemum
variety ‘Princess (tentative name)’ irradiated with carbon
ions. (B) Short-internode mutant of ‘Imamura-unshu’
(left) and the original variety (right).
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1. Introduction

lon beams have been utilized for the Sub-Project on
Composition or Quality in Rice (FY 2007-2012) under the
Mutation Breeding Project of the Forum for Nuclear
Cooperation in Asia (FNCA) of MEXT (Ministry of
Education, Culture, Sports, Science and Technology) since
2009 Y. This sub-project contributes to increase food
production and to improve food quality in Asia, by
developing new rice mutant varieties that are more resistant
to disease, insects, and drought, or give higher yields and
offer higher quality. Seven participating countries, i.e.,
Bangladesh, China, Indonesia, Korea, Malaysia, The
Philippines, and Vietnam joined this project and irradiated
seeds of their own rice varieties with ion beams.

2. Materials and Methods

Hulled dry seeds of rice varieties of participating
countries were exposed to 320 MeV carbon ions at TIARA
with individual optimal doses to induce mutation. After
irradiation, seeds were sent back to the participating
countries and investigated for mutation induction.

At the FNCA workshop on Mutation Breeding held in
Thailand in February 2012, we have deeply discussed the
appropriate population size for mutation induction and
concluded that at least several seeds from each 5 panicles
from each 1,000 M; plants (5,000 initial mutated cells)
should be harvested in order to obtain mutation efficiently.
3. Results and Discussion

In FY2012, most of participating countries completed to
decide the optimal dose for mutation induction for each rice
variety and harvested offsprings such as M,, M3 and their
descendants. For example, in Vietnam, 40 Gy and 60 Gy
were adopted as optimal doses for Khandan and Bacthom
varieties, respectively, and interesting mutant lines, which
show high vyield, early maturation, tolerant to disease, or
semi-dwarf, were obtained in M3 lines. In the Philippines,
My, selected lines derived from IR72 variety irradiated with
20 or 40 Gy showed distinct features such as early maturing
(one week earlier than the control), short, or high tillering
with long panicle.

In Bangladesh, a salt tolerant but highly photoperiod
sensitive and tall local variety, Ashfal, and popular and early
maturation variety BRRI dhan29 were investigated. In the
M; offspring of Ashfal, several photo-insensitive mutants
have been obtained, some of which show slender grains
(Fig. 1 left). The two mutants produce higher yield and
mature earlier at all locations than BRRI dhan29. These

Fig. 1 Left: Slender grain and photo-insensitive mutants
obtained from Ashfal variety. Right: High yield and
lodging-resistant mutant (lower) obtained from BRRI
dhan29 variety (upper).

mutants are also shorter in height and thus lodging resistant,
and have similar grain quality as BRRI dhan29 (Fig. 1, right).

In Malaysia, 31 selected mutant lines (ML1-31) were
obtained in M; derived from MR219 variety irradiated with
60 Gy (Fig. 2). In these mutant lines, the differences in
culm length, days to flowering, number of tiller, number of
panicle, 1,000 grain weight, total grain yield, etc. were
observed. These results indicated that ion beams caused
some great performance changing in the agronomic traits as
compared to the control.

Fig. 2 Left: A higher number of grain mutant obtained
from MR219 variety. Right: A longer panicle
mutant obtained from MR219 variety.

Reference
1) A. Tanaka et al., JAEA Takasaki Annu. Rep. 2011
(2013) 96.
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Chrysanthemum is among the most important cut flowers
in Malaysia especially for export market"”. The main
problem for chrysanthemum in Malaysia is the lack of new
varieties to meet the ever-changing customer demands. In
chrysanthemum production, demands are high for new
cultivars with good horticultural traits such as unique flower
colour, shape, plant architecture and leaf morphology. Ion
beam mutagenesis, in combination with in vitro organ
cultures, is known to be very effective in producing new
cultivars with novel traits and wider mutation spectrum?.
In this project, organ cultures of several chrysanthemum
varieties were irradiated at various doses with 320 MeV
12C% jons, regenerated into plantlets and screened for
morphological variations.

This report discusses irradiation experiments for nodal
cultures of chrysanthemum Pink variety (Fig. 1). In vitro
stems were cut into single nodes (0.5 cm in length) and
cultured on 6-cm sterile petri dishes containing half MS®
hormone-free medium approximately 5 days before
irradiation. Irradiation was carried out at doses of 0, 0.5,
0.8, 1, 2, 3, 5, 8 10, 15, 20, and 30 Gy. Following
irradiation, the cultures were transferred onto fresh half MS
medium and incubated at 25+2 °C under 16-h photoperiod
for multiplication. Data on the survival of cultures,
regenerated shoot height and number of leaves were taken

8 weeks after irradiation.

Fig. 1
Chrysanthemum
morifolium pink.

St

Table 1 shows the percentage of survived nodes at all
doses 8 weeks after irradiation. No significant difference
was observed in terms of survival percentage in nodes
irradiated at doses 2 Gy and below, which recorded between
86-100% of survival. The figures however drastically
dropped to 60% at 3 Gy and further reduced to less than
50% at doses 5 Gy and higher, indicating that the sensitivity
of nodes to ion beam irradiation is similar to that of their ray

floret counterparts®.

Table 1 Percentage of node survival 8 weeks after
irradiation.
Dose (Gy) Survival % Dose (Gy) Survival %
0 87 %® 5 47
0.5 100* 8 33
0.8 87 ® 10 40 °
1 93° 15 33
2 100 * 20 13°¢
3 60" 30 27 %

* Data followed by the same letters are not significantly
different, according to Duncan’s New Multiple Range Test
(P <0.05).

In terms of mean shoot height and number of leaves
generated in survived nodal shoots (Figs. 2 and 3), it was
also observed that 5 Gy was a cut-off dose value since the
figures recorded at 5 Gy and higher showed a drastic
decrease of more than 50% for all categories.
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Fig. 2 Average shoot height in irradiated nodes at week 8.
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Fig. 3 Average leaf number in irradiated nodes at week 8.
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To date, little is known about the mutational effects of
ion beams near the range end in plants. In previous studies,
we showed that the carbon ions near the range end, which
have a mean LET of 425 keV/um (C (425)), had higher cell
killing effect and induced more irreparable DNA lesions
compared to 208 MeV carbon ions with a mean LET of
113 keV/pm (C (113))Y. We examined the mutations
occurred in the Arabidopsis GL1 gene with the emphasis on
large deletions. The frequency of glabrous mutant sectors,
which is caused by inactivation of GL1 gene, was not
significantly different between C (425) and C (113), while
the C (425) induced large deletions (> ~5 kb) more
frequently by 6 times than C (113)2%. These results
suggested that the frequency of large deletions is affected by
LET. In the present study, we prepared the polymorphic
DNA markers and evaluated the total size of deletions in a
9.4-Mb region around the GL1 gene, which corresponds to
about 40% of total length of chromosome 3.

Avrabidopsis seeds obtained by crossing the wild type
(ecotype: Columbia (Col)) with gl1-1 mutant (background
ecotype: Landsherg erecta) were used to detect glabrous
mutant sectors. Genomic DNA was extracted from leaf
tissues of the glabrous mutant sectors.  Twenty of
polymorphic DNA markers that can distinguish the wild
type and gl1-1 sequence were prepared to evaluate the total
size of deletions. The polymorphic sites on the Col
chromosome were considered to be deleted if no or very
little signal for Col sequence was detected against a signal
for gl1-1 sequence. Mutations that have deletion in either
one or both of the nearest DNA markers (3.9 kb upstream
and 2.8 kb downstream of GL1 gene) were further examined
to evaluate the total size of deletions.

The estimated size of a deletion induced by C (113) was
1-2 Mb (Fig. 1). In the case of C (425), one out of 7
deletions was less than 20 kb, while the others were larger
than 200 kb. Total size of the largest deletion was
estimated to be more than several Mb. ~ Similar results were
obtained in the case of neon ions with a mean LET of
352 keV/um (Ne (352)). These results suggest that
deletions larger than 200 kb are often induced by the ion
beams with a LET higher than 100 keV/um.

To further examine the LET dependency of the types of
mutations, we examined the radiation sensitivity of the
material seeds for six kinds of ion beams and gamma rays
(Fig. 2). The effects of survival reduction clearly depended
on the LET.

GL1 1 Mb
C(113) |

C(425)

Ne(352)

99940404 I

Fig. 1 Schematic representation of deleted region deduced
from loss of heterozygosity for DNA markers.
Horizontal lines represent chromosomes and dotted lines
represent deleted regions.  Black circles represent
centromeres.  Arrow indicates the position of GL1
gene.

Survival

0.1

0 500 1000

Dose (Gy)

1500 2000

Fig. 2 Dose response curves for survival rate of irradiated
seeds. @, ®Co gamma rays; O, He (mean LET,
8.3 keV/um); <, He (30); A, C (78); A, C (113); m,
C (425); O, Ne (352).
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lon beams have been used as effective mutagens in plant
breeding. Highly efficient mutagenic character of ion
beams seems to be due to their energy deposit manner.
Namely, ion beams deposit energy locally on chromosome,
which induces irreparable DNA damage such as
double-strand breaks (DSBs) or clustered DNA damage.
However, little is known about cellular mechanism(s) by
which DNA damage is converted into a mutation(s) in plant
cells.

To study the mechanism(s) responsible for mutagenesis
in plants, we utilized a transgenic Arabidopsis line harboring
a GUS-based homologous recombination (HR) marker?.
The marker line has a split GUS gene integrated in the
genome that is inactive as is (Fig. 1). When a
recombination occurs between the homologous sequences,
an active GUS gene is reconstructed, which produces
indigo-blue pigment in the presence of the substrate. We
irradiated the HR marker lines with low dose of y-rays or
ion beams, which do not reduce the growth of plants, and
examined the effects on HR activity.

Avrabidopsis seeds were sown on a nutritive agar plate in
60-mm plastic petri dish and grown under 16 h-light/8h-dark
cycle at 23 °C for 10 days. The plants were irradiated with
25 Gy of y-rays from ®Co, or 15 and 25 Gy of 107 MeV
“He®* from AVF cyclotron. After irradiation, the plants
were grown under the same condition for another 7 days.
All aerial parts of plants were collected and subjected to
GUS-staining to detect HR events.

When the plants were grown without radiations, the
average HR events per plants were 253 + 0.12.
Twenty-five Gy of y-ray irradiation increased the HR events
t03.56+0.19. By 15 and 25 Gy of 107 MeV “He**, the HR
events per plants were 3.75 + 0.22 and 6.29 + 0.27,

(A) (B)

]

L 3

Fig. 1 Detection of homologous recombination (HR).
(A) Reconstruction of an active GUS gene by HR, (B)
Blue GUS" sectors on plant tissues.

Kihara Institute of Biological Research, Yokohama City University

respectively. The results indicate that the 107 MeV *He?*
has higher HR-inducing effect than the same dose of y-rays
(Fig. 2). The 15 Gy of 107 MeV *He?* induced comparable
HR events as 25 Gy of y-rays. In our preliminary data, the
107 MeV “*He?* induced 1.4 times more DNA breaks [DSB
+ single strand breaks (SSBs)] than y-rays per 1,000 Gy
(Teranishi et al., unpublished). The higher HR activity
after the 107 MeV “He?" irradiation may reflect this higher
number of DNA breaks in Arabidopsis genome.

DSBs are thought to be repaired by HR or
non-homologous end-joining (NHEJ) pathway in plant cells.
Analyzing the sequence change in radiation-induced
mutations suggested that NHEJ pathway is involved in the
mutagenesis process?. On the other hand, HR pathway
utilizes undamaged homologous sequence to synthesize new
DNA strand, thus less mutagenic than NHEJ. However,
recombination  between  para-homologous  sequences
possibly induces drastic change of the chromosome(s).
Our result indicated that HR activity was induced after
low-dose irradiation. It is possible that HR pathway affects
the DNA repair process.  Further analysis would clarify the
role of HR in radiation-induced mutagenesis in higher plants.
Also, the HR-detecting marker could be a useful tool to
monitor the biological effects of low-dose radiation.
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Fig. 2 HR events induced by y-rays or 107 MeV “He?,
The average HR events detected per plant was shown as
the mean + SEM.
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Species of the genus Populus are ecologically important
trees and often serving as a vegetative pioneer species
because of their fast growth rates. The rapid growth of
poplar is dependent on access to sufficient water in
plantation sites and this is problematic. To overcome this
problem, a forward genetics approach has been taken for
developing salt/drought tolerant mutants by combination of
radiation mutagenesis and in vitro regeneration in Populus.
There is evidence that induced mutation with radiation
mutagenesis has a great potential to produce new cultivars
with wider mutation spectrum?.

Stem explants grown from newly developed canes of 3-
to 4-month-old poplar plants were cultured in growth
regulator-supplemented  Murashige and Skoog (MS)
medium and subjected for 320 MeV '2C®* ion-beam or
gamma-ray irradiation in a dose-dependent manner.
We found that 2.5 Gy of ion beams and 5 Gy of gamma rays
have a minimum effect on regeneration ratio and growth of
new shoots. Thus, we used these dosages for mutagenesis?.

To establish screening system, above 1-cm-long
regenerated shoots were cultured in a series of rooting
media supplemented with different concentrations of NaCl.
We found that regenerated non-irradiated shoots failed to
produce roots in rooting medium supplemented with 75 mM
or above concentration of NaCl (Table 1). Thus, for 1st
screening, regenerated plants derived from ion-beam- or
gamma-ray-irradiated tissues were grown on vermiculite
until 8 weeks, and stem segments (6 cm) of these plants
were then cultured in rooting medium with 75 mM NaCl.
Root development efficiency of culture was monitored for
4 weeks. Using this system, a total of 5,500 regenerate
plants was evaluated (Table 2). In first screening, we found
five candidates of mutant, named gammal to 5, which were
developed root system in this medium. However, in second
screening, about 25% stem segments of gammal and
gammab5 produced roots in above medium (Fig. 1), but none
of the stem segments from gamma2, 3 and 4 produced roots
in same medium. Thus, gammal and gammab, obtained
from gamma ray irradiation, might be the candidates of
putative salt tolerant mutants that we are trying to isolate.

The screening system we mentioned above is based on
root induction ability of the regenerate “shoots” to NaCl-
supplemented rooting medium. To achieve more relevant
and convincing results, we also developed in vitro
regeneration system from “root” explants of the gammal

(Fig. 1B) and gamma5 mutants. Hopefully, this system may
increase root induction ability of the mutants to salt medium.

Table 1 Root induction of regenerated non-irradiated shoots
in NaCl-supplemented rooting medium.

NaCl No. of No. of root % of root
(MM) regenerate producing producing
shoots tested shoots shoots
0 30 30 100
25 30 30 100
50 30 30 100
60 30 14 47
75 30 0 0
85 30 0 0
100 30 0 0
150 30 0 0
Table 2 Summary of 1st screening.
No. of No. of
Mutagen Dose (Gy) regenerate putative
plants tested mutants
Carbon ion 2.5 741 0
Carbon ion 3 753 0
Gamma rays 5 2093 3
Gamma rays 7 1995 2

Fig. 1 The gammal mutant developed roots in 75 mM
NaCl-supplemented rooting medium. A: wild type;
B: gammal.
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Rumex obtusifolius (Polygonaceae) highly accumulates soluble oxalate in leaves.

Animals should restrict their intake of

oxalate because high level of oxalate causes the poisoning. Therefore, R. obtusifolius well growing in the meadow is a

target of weeding.

In this study, we aimed to develop a low oxalate R. obtusifolius plant that can be used as a pasture by

radiation breeding. Plants from seeds irradiated with several doses of gamma rays were used to analyze the radiation effect

on oxalate content and other metabolite profiles.
irradiation.
organic acids.
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Fig. 1 Oxalate contents in leaves of R. obtusifolius
irradiated with gamma rays. Seeds irradiated with
0-500 Gy of gamma rays were germinated and the third

leaves were used for oxalate  measurement
(**=p<0.01).
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As a result, the oxalate content in leaves was decreased by gamma-ray
Plants with low oxalate content commonly contained increased level of amino acids and reduced level of
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Fig. 2 (A) Heat map of metabolites in leaves of R.
obtusifolius.  (B) Hierarchical classification of
metabolites in leaves of R. obtusifolius.

Reference
1) A. Miyagi et al., Metabolomics 6 (2010) 497.

- 108 -



JAEA-Review 2013-059

3-41

Determination of the Carbon lon Beam lrradiation

Condition for Barley

T. limure®, T. Hoki ®, Y. Hase ™, S. Nozawa?, I. Narumi®, M. Kihara® and K. Ogushi ®

) Bloresources Research and Development Department, Sapporo Breweries Ltd.,
b) Medical and Biotechnological Application Division, QuBS, JAEA

To determine ideal condition of ion beam irradiation for barley grains, the carbon ion beam whose LET (Linear Energy
Transfer) was 127 (C-127) and 275 (C-275) keV/um was applied and the variation of the germination rate, initial plant
growth, the survival rate by cultivars and by irradiation doses was observed. As a result, no difference was observed among

six cultivars tested and the survival rates gradually decreased as to the irradiation doses.

It was suggested from the

relationship between the irradiation doses and the survival rate that the ideal irradiation doses at which the survival rate was
around 80% were 10 Gy and 4 Gy for C-127 and C-275 irradiation, respectively.
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Fig. 1 The dose effect of C-127 and C-275 irradiation on
the initial plant growth of barley cultivar A.
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Fig. 2 The variation of the initial plant growth among
barley cultivars by different irradiation doses of C-127.
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Fig. 3 The relationship between the irradiation doses and
the survival rates.
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Introduction

lonizing radiation induces DNA double-strand breaks
(DSBs), which is a particularly serious form of DNA
damage and has especially deleterious effects in cells. lon
beams have high linear energy transfer (LET, keV/um) and
give DNA damage containing DSBs locally (clustered
damage) than gamma rays do. Deinococcus radiodurans
exhibits extraordinary resistance to the lethal effects of
ionizing radiations. This resistance has been attributed to
its highly proficient DNA repair capacity?. Previously, it
had been reported that the DNA repair mechanism of D.
radiodurans is not necessarily “error-free” since there were
an increase in rifampicin-resistant mutant frequency
depending on radiation doses of ion beams and gamma
rays?. In this study, we investigated mutant frequencies of
two different antibiotic-resistant mutants for carbon ion
beams in D. radiodurans and identified the mutation sites in
the antibiotic-resistant mutants.

Experimental procedures

D. radiodurans cells were grown, harvested, resuspended
and frozen as described previously?. Freeze-dried cells
were irradiated with 2C%* ion beams (220 MeV;
121.8 keV/um) accelerated by an AVF cyclotron at JAEA.
The irradiation dose ranged from 2 to 15 kGy. Irradiated
cells were cultivated at 30 °C in TGY broth with agitation to
early stationary phase. Cells were harvested, diluted
appropriately with 10 mM sodium phosphate, spread onto
either TGY agar or TGY agar supplemented with
streptomycin (2 pg/mL), and incubated at 30 °C for 3 or 4
days prior to the enumeration of colonies. The mutant
frequency was determined by calculating the number of
streptomycin-resistant (Sm®) colonies divided by the total
number of viable cells. To isolate the rpsL locus, PCR was
carried out using PrimeSTAR GXL with the purified
genomic DNA from SmR mutant as a template.  To identify
the mutation sites in the rpsL locus, DNA sequencing was
carried out using BigDye Terminator Sequencing Kit with
the PCR products. The sequence of the rpsL locus was
compared to the wild-type sequence using software
packages SegMan Pro and Genetyx-Mac.

Results and discussion

The cells exhibited sensitivities to '2C** ion beams
depending on radiation dose (Fig. 1). Streptomycin is one
of the antibiotics that inhibit protein synthesis by directly

interacting with small ribosomal protein S12 encoded by
rpsL gene. By genetically altering the rpsL gene in
genome, SmR mutant can be generated. Like the previous
study?, the Sm® mutant frequencies increased depending on
radiation dose (Fig. 1).  The highest SmR mutant
frequencies were observed at a dose range that give 107 to
1072 of surviving fraction. It seems that this dose range is
the best dose to generate the mutants of interest for research
and breeding purpose. Four kinds of mutation sites at the
rpsL locus were determined from 8 Sm® mutants.  The first
mutation from a mutant was identified as an A:T to C:G
transversion at position 128 in the rpsL gene. The second
mutation from 2 mutants was identified as an A:T to G:C
transition at position 128. The third mutation from 2
mutants was identified as an A:T to G:C transition at
position 262. The fourth mutation from 3 mutants was
identified as an A:T to G:C transition at position 263.
These mutations cause amino acid substitutions at position
43 (Lys to Thr or Arg) and 88 (Lys to Glu or Arg) in the S12
protein, respectively. The two hot spots at Lys43 and
Lys88 in the S12 protein might be a binding target of
streptomycin or adjacent to the center of streptomycin
interaction with the ribosome.
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Introduction

The ygjD and yeaZ orthologs are highly conserved in
eubacteria, and the former is also widely found in the
genomes of archaea and eukaryotes. These orthologs are
known as essential genes for Escherichia coli, Synechocystis
sp. PCC6803 and Thermus thermophilus. It was recently
reported that the ygjD and yeaZ orthologs were related to
DNA metabolism in E. coli ¥, mitochondrial DNA
maintenance and transcriptional regulation in
Saccharomyces cerevisiae?. However, their functions are
still poorly understood. Deinococcus radiodurans and T.
thermophilus possess the both orthologs hereafter DrygjD,
DryeaZ, TtygjD and TtyeaZ, respectively. We have
reported that the DrygjD and DryeaZ disruptants show
extreme sensitivity to mitomycin C (MMC), which causes
interstrand DNA cross-links 2. In this study, we
constructed TtygjD and TtyeaZ gene expression plasmids
and the resultant plasmids were introduced into the DrygjD
and DryeaZ disruptant strains (ADrygjD and ADryeaZ).
To investigate whether ygjD and yeaZ orthologs share the
common function in D. radiodurans and T. thermophilus,
these generated strains were challenged by MMC.

Experimental procedures

We constructed two plasmids as follows. PCR
fragment containing the structural gene of TtygjD was
inserted into an Ndel-BamH]I site of pRGL1 carrying the D.
radiodurans groE promoter to yield plasmid pGroTtygjD.
PCR fragment containing the structural gene of TtyeaZ was
inserted into an Ndel-BamHI site of pRGL1 to yield plasmid
pGroTtyeaZ. DrygjD and DryeaZ disruptant strains were
transformed with the above-mentioned plasmids. These
complementation strains were cultivated at 30 °C in TGY
broth (0.5% tryptone-peptone, 0.1% glucose and 0.3% yeast
extract) supplemented with 3 pg/mL of chloramphenicol.
For MMC treatment, 20 pg/mL of MMC was directly added
to the culture. Cells were incubated at 30 °C and
withdrawn at various time points. After the treatments,
cells were diluted with 10 mM sodium phosphate buffer,
drop onto TGY agar, and incubated at 30 °C for 2 days prior
to the enumeration of colonies.

Results and discussion

Two gene disruptant strains (ADrygjD and ADryeaZ) and
a double disruptant strain (ADrygjD DryeaZ) exhibited
extreme sensitivity to MMC compare to the wild-type strain
(WT) (Fig. 1)¥. ADrygjD carrying TtygjD expression

plasmid was partially complemented to the wild-type
phenotype (Fig. 2A). ADryeaZ carrying TtyeaZ expression
plasmid also showed the same result as the complementation
test by TtygjD gene (Fig. 2B). These results suggest that
DrygjD and DryeaZ genes share common function or
operation with TtygjD and TtyeaZ genes. However, TtygjD
and TtyeaZ proteins could not entirely complement the
function of DrygjD and DryeaZ proteins. Because the
optimal growth temperature of D. radiodurans and T.
thermophilus is 30 and 70 °C, respectively, we speculated
that the original activity of TtygjD and TtyeaZ proteins was
not fully exerted in DrygjD and DryeaZ disruptant strains.
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The ion beams have been widely used as the mutagen for
developing new varieties of plants and bacteria?. To
investigate the nature of mutations induced by accelerated
ions in eukaryotic cells, the effects of carbon-ion irradiation
were compared with those of gamma-ray irradiation in the
budding yeast Saccharomyces cerevisiae.  Carbon-ion
irradiation (*2C%*, 220 MeV) at 100 Gy increased the
mutation frequency in URA3 gene 100 times as compared to
the spontaneous mutation frequency. The types of base
changes consisted of transversion (68.7%), transition
(13.7%) and deletion/insertion (17.6%). Most of the
transversion mutations were G:C to T:A and all the
transition mutations were G:C to A:T. We found that the
base change mutations were often induced in 5'-ACA-3' and
5-ACT-3' sequences. The most remarkable feature of the
mutations induced by carbon ions was that the mutation sites
were localized near the linker regions of nucleosomes,
whereas mutations induced by gamma rays were located
uniformly throughout the gene®.
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URAZ3 gene with the altered nucleosome structure
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Fig. 1 Mutation spectrum induced by carbon-ion
irradiation in yeast. Arrows indicate the position of
linker DNA of the wild type®. Numbers refer to the
nucleotide position of URA3 gene. +1 is the A of the
initiation codon ATG.

We hypothesized that the locus of mutations might be
concerned with the nucleosome structure. Studies of the
nucleotide excision repair and photorepair suggested that the
DNA damage was repaired slowly on the nucleosomes but
was repaired quickly on the linkers®. We designed new
experiment to clarify this hypothesis. The yeast strain that
has URA3 gene with altered nucleosome structure was
generated by genetic modification using pAUR112 plasmid
and Aureobasidin transformation system (TaKaRa). The
yeast cells were irradiated with carbon ions (LET
107 keV/um) with the dose of 100 Gy.

Figure 1 shows the mutation spectrum in the URA3 gene
and Table 1 shows the summary of the sequence analyses.
It is likely that locus of mutations occurred in the URA3
with altered nucleosome structure is inconsistent with those
in the wild type, suggesting that the locus of mutations
depends on the nucleosome structure. We will accumulate
the data further to examine the above hypothesis.

References

1) A. Tanakaetal., J. Exp. Bot. 53 (2002) 683.

2) T. Masubuchi et al., JAEA Takasaki Annu. Rep. 2011
(2013) 110.

3) Y. Matuo et al., Mutat. Res. 602 (2006) 7.

4) R. E. Wellinger et al., EMBO. J. 16 (1997) 5046.

5) S. Tanaka et al., J. Mol. Biol. 257 (1996) 919.

Table 1 DNA sequence context of mutations in URA3
caused by carbon ion beam.

Position Change Sequence context
+167 Gto A AAT TTG TTT
+417 AtoT AGA AGT AGC
+419 TtoA AGA AGT AGC
+421 AtoG TGA AGC AAC
+720 Insert A AAA 1GGG AAG

Arrow indicates the insertion site.
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The endophytic bacteria produce various kinds of bioactive substances, by which the plants grow well and exhibit

resistance to diseases and environmental stress.

In this study, 300 isolates that were derived from Pseudomonas fluorescens
strain FPH9601 irradiated with carbon ion beams were tested for inhibitory effect of tomato bacterial wilt.
successfully obtain 24 mutants that have enhanced suppressiveness against the tomato bacterial wilt.

We could
In the meantime,

chitosan is a linear polysaccharide composed of randomly distributed B-(1-4)-linked D-glucosamine (deacetylated unit) and

N-acetyl-D-glucosamine (acetylated unit).

Low molecular weight chitosan (oligo-chitosan), which can be obtained by y-ray
irradiation of chitosan in diluted solutions, has potential uses in agriculture.

In the field condition, the suppression effect

against the pathogen significantly increased when tomato was treated with oligo-chitosan and endophytic bacteria.

A IR o JR R I A= ¥ Pseudomonas  fluorescens
FPH9601 HikkZEFAWT, A4 — L3R EREMDT-
DOREAEERDIZEZS, 300 Gy DIBEHREICB
THROEBMOHBEENZNZEHAL, 5L, B
EHEECLVE R ORE#1ToT-, —F ., MW EHE
EHAEHETA24 VTR 2 BT, P. fluorescens
FPH9601 BKD b~ MG AL I i 2h SR 0O He 7R 23 T RE
MEINEARRET TG R, By RRBRIZB W T, @V
RBRBOT, AL, MG EEICBNTHEDO O H I HE
DRLNANEIDERFT LT,

V) AF e —ARFHCXZNAEME LR

HEEX PN A 1T P. fluorescens FPH9601 BkKZ FAV Y,
IEHEFE KBS EC 28 °C, 24 WSR2 1% . PR AR BRI KIC
SR LT, SRR (59 108 cfu/mL) 2 mL A% 47 mm OfE
fet L a— AR 7T T 4% — (ADVANTEC £) TAH
L7z, A%, EHICEAR 60 mm v —LIC 7 &2 —% A
U, WS R AAT o7, PREERIITININE T1T o7, G
Rt vy —L LHED T R TE ST, A4 e — A
S IE TIARA @ AVF A rumbar % vy, 2c™
(220 MeV) T 300 Gy # faSt L7, PR R AR B 78 51 7K
EILITERERE 1T AT, 30 SrEHRED 1% . MBI A IEHESE R
B I AG LT, 28 °C, 48 Wi AL ian=—%
15%7' Ve — /LRI RRE L, — H., -80 °C TRTFLTZ,
FAEIRTT 300 kAL — RV N\AFT AT v 73—
5T, b MERR IS ARSI R AR E LT,

Bk O A FEUEIZ L CHREBR O 2RO L 2 %
Fig. 1 1ZRUT-, (k28 2 (5 LA LD HikE 24 Hikk%
BHZENTE,

) NEMELAVIT XM EOGARIR

HEER PN A I P, fluorescens FPH9601 BkkZ FAV .,
FEAERS AR C 24 RS0 & L0 Mo TR K
TG N T I A ar Lz, B t42FEL
72V A (200 FONZIEREL . BT AT AN TH) 25 H
B LTz, (BYLFLEE O B B ARG Y (S5 4,
FEAENCEML, EHE 7 B%25 5 AR CHu EE~AD
TR KT (100 ppm) Z 1A L7, BRBRIXIE 1 X 9
FR. 3L LTz, AV M ATRF A R o4 ) =
FRL e T OT IV — LRI E A, RIRE 13 I RAE

L. X/ — L ZEEIRELE, TR CERER
ZRERRL . &I S OWBABRAM ( Gk B D F8 ik 58 — ALBE
X OFEFER) /X R OFIFEZ X 100) ZH H LT,

FPH+A U MU UG X 2B\ TC, 238 E B Tl
FEIE IR AL 5 T 0RO R IR D R N b
(Fig. 2) . FFEAEMI Tl BIBRAMN 50 #2EE (EHE 41 H )
OFIFIMFI R BHeRS NI, AFERNS, NAEMEIC
BY LT b~ b B # EE~D AV X M A B
T HZEICTONA I O BRI R I LT 03, B35
DF IR D5 YRR E DN E IR DITHE > TE DR FAMEL
ot
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Fig. 1 Suppression effect of occurrence of tomato bacterial
wilt by P. fluorescens FPH9601 mutagenized with

carbon ion beams.
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Fig. 2  The suppression effect of combination of
oligo-chitosan and endophytic bacteria. ~ Symbols:
circles, control; triangles, oligo-chitosan; squares,

oligo-chitosan + endophytic bacteria.
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Identification of DNA Mutation Sites in a High

Temperature Tolerant Mutant of Bradyrhizobium
japonicum USDA110 Generated by lon-beam Irradiation
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In Asian countries, in order to increase crop yield under
low input of chemical fertilizers, many researchers in
agricultural institutes are trying to develop biofertilizers.
However, several researchers point out constraints on
application of Dbiofertilizers. Major constraint of
biofertilizer utilization in agricultural practice is a viability
loss of beneficial microorganisms in biofertilizers caused by
high temperature and drought stress during both storage and
transportation. Therefore, we have tried to improve high
temperature tolerance of Bradyrhizobium japonicum
USDA110, which is a superior inoculant to soybean in
temperate area. Consequently, we have obtained a high
temperature tolerant mutant that can survive at 42 °C for at
least 7 days, and named it as M14.

As shown in Fig. 1, the mutant M14 formed smooth
colonies with glossy white color like wild type (WT). The
colony size of M14 was little smaller than that of WT when
incubated at 30 °C. The generation time of M14 at 30 °C
was 7.2 h, which was about 1.2 h longer than that of WT
(6.0 h). As for symbiotic functions with soybean (Glycine
max cv. Enrei), there was not much difference on nodulation
ability between M14 and WT.

The genome sequence of M14 was determined by a
whole-genome shotgun strategy. The pyrosequencing data
were accumulated using a GS Junior System (Roche
Applied Science, Mannheim, Germany) according to the
supplier’s protocol. Then, the data were mapped to the
reference sequence of strain USDA110 (WT) using a GS
Reference Mapper software. About 99.5% of the reference
sequence was covered with the M14 sequence.

Genome comparison between strain USDA110 (WT) and
the high temperature tolerant mutant M14 revealed a
large-scale structural change in the circular DNA genome of
M14. Namely, a DNA region at the coordinates
4,029,222-5,299,699 (1,270,478 bp) was inverted. This
region contained 8 tRNAs and 1,139 genes with various
functions (Fig. 2). In addition, 84 mutations such as base
substitutions, insertions and deletions were found in M14.
Although the inverted region was corresponded to only 14%
of whole genome size, 40% of 84 mutations were located in
this region.  This bias could indicate the association between
the inversion occurrence and the increase of mutations.
In the meantime, 56 out of 84 mutations were distributed in 48
structural genes, and the other 28 were located in non-coding

regions. Forty-three out of 48 structural genes had some
influences on the process of translating protein, and caused
amino acid substitutions and frameshift mutations. The
acquirement of high temperature tolerance in M14 could be
attributed to a large-scale inversion or small-scale mutations
in the inverted region, or both.

Now, we are on the process of confirming these
mutations one by one using Sanger sequencing. In addition,
we intend to analyze gene expression by cDNA microarray
in order to find out how these mutations effect on
transcriptional level.

Wild Type

Fig. 1 Colony morphology of B. japonicum after
cultivating at 30 °C for 4 days.
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Fig. 2 The functional classification of the genes in the
1.27-Mbp inverted region.
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Simultaneous Saccharification and Fermentation from

Ionic Liquid-pretreated Biomass Using Ionic
Liquid-tolerant Yeast Mutant
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Simultaneous saccharification and fermentation from ionic liquid-pretreated biomass was carried out using ionic
liquid-tolerant yeast that was obtained from the mutant population prepared by irradiation with carbon ion beams (220 MeV

2C%*, 100 Gy).

By using the ionic liquid-tolerant yeast strain, we could simplify the washing procedure of ionic

liquid-pretreated biomass prior to the simultaneous saccharification and fermentation.

[BEIRER (VT B a—R) S d <~ AE)D, B
b A REEE ~C g ) — VDA HAREIFEW &4
PET DRI E 72208, V7 v — A58 [E 7248
(Bvm— AR O KRG A I LA G 7 =
DRy NI — 7 1) DEECEER OT 7B AE L ET D0
IETHD, FD7=, V7 /i — R/ A F~ ADY;
AT, BERRTLBE ML L 0D, ek, BEoT VY, %
LU CR I RS T CRITLEE A T QW e ds, =L
F—aRNCHEOWR RS EE 72> TUV e,

WA RE R NAA~ A% H - B2 5t TR L .
wn— 2% GRS DT A A R & AV R A
ALBRNE H SN TWD M, LasL, A A~ ZRTALBR I
FASNADAA ARIERIE, — BRI FEER E 2D | AiALER
INAF T ANOA T PRI E VT DAL D KREDVE
HHRIRPRIEL 22> TND,

ZT TR TIE, A RIRIC T % R 348 SR
BRAE A e — LG E REMMDLBIRL . A4 IRIKT
BITALER L 723 A = RIZ DWW TR DR 15 Db D %
BEL., R LB 21T o7,

[ZBRFEIEHERE AL E— LG BR
Saccharomyces cerevisiae MT8-1 ¥%& iz, BEREDEEEE
I3 YPD £5 A VT30 °C TITo7z, F72, MT8-1 HRIT R
FAA (220 MeV 2C™) % 100 Gy FRETL | 28 BLEREE %
TR o, A RN R L, FTE DR E DA R
RETINUTZ YPD IR i CBIMbE % . FER B B¢
BT,

IAATABILOAF AR VT v a— AR A
AR T mm (TR 72T a FV 2, 90 °C T 12 h FUkR
SHTHOBHEH Uz, "AA~ARILEH OAA R EEL
“C 1-ethyl-3-methylimidazolium acetate % F\ 7z,

AL AR L DRI NAF v R AT RO E
A3 1:10 127251018 AL, 110 °C T 16 h IN#ARTLEE %
177z, BILER L T2/ NA < AFA A AR TEfEL T
DIz BIRSELU TR I/K 50 mL 2N AT HSE7z, ¥
TR O BEL . B B Ve oM EE 2 B E
720d 5 B UATV, A ARIEDOBREEIT>7-, BIL
TeSAF <AL 90 °C ZfRSTZA L FaX—F—NT 12 h
WS 7, [RIREE LRSI LI X AR O AT B N A A~
2L,

[ AR L S I - RTALER N A A~ R ME— D IR FBPREL T
P 52 LI REA O CIRIIREE LR A1 T o 72, YP IR REHE

2. BTALBE NS A A~ 2 50 gL, A ETF—F (BHIGHRIE
6,200 U/g) 5 /L. BEE 100 g-wet/L 72519120 . 30 °C
T 96 h BEfEE T o7, =& ) — VIREIIT A/ a~ 7T
T4—ERAOTHIEL, AILE A F ~ ANSEE CEHH
A ) —VBED I =X )= VIR E R LT,

[ ReEBE) A iRz T 16 h INEAFTAERL | 20D
% 2 EH LT 5 |Pe Lo A4~ 2% VW ClRIEE L
BERE 51T~ 77, Figure 1 (C& /) — VIR A RT, BARE
MTS8-1 #% AT [FIRERE LR EECIL, 5 BIERO5 &
EHBEL . 2 [EVEH L TORWES Tld, =& /7 — LY
RPNz, T, A4 RIS ETLBE N A~ AD T
HRIBEP S L2 Z 82k R REREA L 58 B O SO R IS
FFHIAENT AT ARG, Z AU LOEEREAS L E
SNl EEZOND, — 7 A IR BERERE
MT8-1m k% = [FIREFE L5 Tl 5 BITeH 0% A&
ERlZ L, 2 BITEEH L TORWEA T, =8 ) — VIR
DB LI o7, ZHUE, A R IRHTLER S A 4~ 2D
Vet R A RO L7- 2l kD ML 7R B IA A A K
Iz U CL BRI E 2 R LT R EB 2 B 5, Ll
NG, BREAZOLDIZLDTH ) — VEFEL )LD
(RS Tz, LI, A4 iR IRT PR R VWD &
LY | A RARBTALERTE D23 A A~ 2D P R AR
WL, BREEHIE CEDIEIVRIES T,
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(washed 5 times)
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Fig. 1 Time course of ethanol yield during simultaneous
saccharification and fermentation.

- 115~



JAEA-Review 2013-059

3 -48 Benomyl-tolerant Mutation of Entomopathogenic

Fungi Induced by Carbon lon Beams
T. Saito?, Y. Fitriana®, K. Satoh® and 1. Narumi®”

a)Faculty of Agriculture, Shizuoka University, ®)Medical and Biotechnological Application
Division, QuBS, JAEA, *Present affiliation: Faculty of Life Sciences, Toyo University

Entomopathogenic fungi, Isaria fumosorosea and Beauveria bassiana, are important agents to control insect pests, but
the fungi could be negatively affected by conventional fungicides for plant diseases such as powdery mildew. The purpose
of this study is to generate mutants highly tolerant to benomyl, a major fungicide, using carbon ion beams. We have
obtained some benomyl-tolerant mutants and examined the tolerant levels to benomyl, response to other fungicides, and
virulence to target insects. It has been shown that B-tubulin of fungi are involved in resistance to benzimidazole fungicides
such as benomyl. In this study, in order to identify the mutation sites of B-tubulin in the benomyl-tolerant mutants, we
determined the nucleotide sequences of B-tubulin locus and compared with those of the wild-type strains. In B. bassiana
mutants, the mutation was identified to be an A:T to C:G transversion at position 924 in the B-tubulin gene.  This mutation
causes an amino acid substitution at position 198 (Glu to Ala) in the B-tubulin protein.  This site might be a binding target of
benomyl or adjacent to the center of benomyl interaction with the B-tubulin.  On the other hand, in I. fumosorosea mutants,
the B-tubulin sequences were identical to that of the wild-type, suggesting that other mechanisms might be responsible for the

benomyl tolerance.
B. bassiana.

B HIRIFCRIRE Z W CE B2 bR A8 R
BIFRFEA LA LIZNE W) BEEZ T 2 T D, 20K
AR FRIR R LU, R AT S WO BT e A B 35 R
HIFERIREZAIE A28 E X bNE, ARFED B Y
I, RFATUE — LD LD PR BE I 2
T, B AN B BRE R IR B (Beauveria bassiana
& ¥ Isaria fumosorosea) 28 BAKZAIH 9528 ThD,

CHETOMEICE T, MERES A~ LA 2 5
RHBELIV, THEL A~V OFEM, A2k 3 AT, TR
FOZEALIREIZDNTHL ML Y, 22Tk, /2
AP 5L COBESNTOS B F 2—T VL R T-0
T ZAT T2,

B. bassiana (Z#ikE 2 DRIV B L
fumosorosea [ZHIKRE 4 RO~ IVHEL Bk &AL
Too BRI, V7 -2 KT 3 HEREELZan=
— by E T 2L, Fast DNA SPIN Kit (MP
Biomedicals) Z iV T4 /.. DNA & L7z, ~° /. DNA
%7 7L —hK&L T, B. bassiana |Z Ex Taqg DNA
Polymerase (Takara Bio) . I. fumosorosea i% PrimeSTAR
GXL DNA Polymerase (Takara Bio) # M C, p F=a—7
VR TR A TR L7-, PCR FEMIT. R UKENCED
P A X% T L 7=t . MinElute PCR Purification Kit
(Qiagen) # W THEBL 7=, DNA v —27 T A fF#HTIX,
PCR %771 —Krt LT, BigDye Terminator Cycle
Sequencing Kit(Applied Biosystems) & " ABI Prism 377
DNA Sequencer = H\\\CTiTo72, B Fa—T U BIG 718
W o # 3 Bl 5 2 SeqMan Pro ( DNASTAR ) &
GENETYX-MAC (GENETYX) ™7~y =7 % I\ Cfif
Bri, ZBEEAr 2R E LT,

ERIKENRNT DOFE #. B. bassiana (BkE K O 2 fEDZ
HER) KOV I fumosorosea  (BER & O 4 FEOLE BAK) 128
WTC, BRIV ARXD B Fa—T VB Aa T iEk O HEE & e
U7 (2 1,428 T8 1,424 bp) (Fig. 1),

DNA HEIEHIfENT DL R, B. bassiana 28 BLAE TIdik
ELIEBF 2—T VBIEFHEIRD 924 FHDEIL AN C

These results suggest that mechanisms of benomyl tolerance were different between 1. fumosorosea and

WICERLTRY, ZUCEY pFa—7Ur 0 198 FHHDO T
JEEDS Glu 26 Ala IZZLL TWAEHEES L, B TFa—
TV BARF DRIEL T DGR BAT LD~ UV i
BFOEFNIL, FEHEEE S NaNO, IZ& > THEShZ B.
bassiana 45 Bk THIBEICHESN TS Y —J5 1
fumosorosea O B F =— 7'V 8 T REIR OO M I BB AR AT
DGR, B Z R TI, HEINDT I/ BEELS 3 [
—THDHILEN5, I, fumosorosea DX/ JUAMHPEIZIE B 0D A
H=ZLREELTWSHEEZHNSY,

LA E@Z &M, B. bassiana & I. fumosorosea M /3L
MR BB D AN = X BTG T LIV TRARDIE
RO ST2, 5% . |. fumosorosea (23 1F B L1t
MIEG DA =X LT TR LI,
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Fig. 1 PCR amplification of B-tubulin gene in B. bassiana and
I. fumosorosea. Lanes 1 and 10, DNA ladder marker; lane
2, B. bassiana wild-type; lanes 3 and 4, B. bassiana mutants;
lane 5, I. fumosorosea wild-type; lanes 6 to 9, I. fumosorosea
mutants.  Arrows indicate predicted PCR product sizes.
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We have previously obtained high ethyl caproate producing Sake yeasts “No0.227” and “No.1333” by ion beam breeding.
The fatty acid synthase genes (FASI and FAS2) and the fatty acid esterase genes (EHTI and EEBI) might be involved in the

higher production of ethyl caproate in the mutant strains.

In this study, to identify the mutation sites of the mutant strains,
each gene locus was sequenced and compared with corresponding sequences in the parental strain “Kyokai-901”.

For the

EHTI, EEBI and FASI loci, all the mutations found in mutant strains are nonsense mutations, suggesting that these mutations

did not involved in the higher production of ethyl caproate.

On the other hand, strains No.227 and No.1333 carried G/A and

A/A mutations at nucleotide position 3,748 as heterozygous and homozygous states, respectively. This result strongly
suggested that the higher production of ethyl caproate in strains No.227 and No.1333 is attributed to a dominant mutation in

FAS2 gene.

E‘i%%f I, AV F OV EEHE R R A B 5
7o, AA e — DB RRIZ LD HT- 7205 B A IS TE R RO
Fﬂ%%%ﬁoféto ZIETIZ, BEEER A OFXR T
&)éﬁfm*/ﬁé%:n%w%%‘éfﬂa“é{gﬁ/a{ﬁﬁ%l(No.227
KUY No.1333 #) #1848k L7= (Table 1) V, A4 E—LF
FRIZ L > TR BIFE R R I I5ER RSO N2 —F T,
R BRI T 5701213 R HEETH0
WDBURTHD, 22T, AR TIE, A4 E—LFRIZK
DVEH U= 15 R D~ 4 DNA i BBV IRITIC LD H
Tu BT NS EETLER AN THEELIT,
BRI BEE BRI TE% DNA ~—h—0OBA%N

EDMRFLT,

T e BT L, IEIGERAE G AR CAE - AL
T Ta BT A — VRERIZ LS TR LI ) — L
DIAT NMAGEE T HIETERSN, TOEERITIZNE
B & kBE#E FAS1 MUY FAS2, IENGfs = AT WAL EE SR
EHT1 )2 O'EEB1 2B 595, 2T, A4 E—AFHIC
FAWBUR (X500 901 &) | A4 E—AEFRICKOIE
HUT-#8 BEERE (N0.227 B U8 No.1333 #E) B R F )L A%
VANVIRC T (BEMS) 2B R ELTEHLIEBEF D 7R
VR TF L R FERERE (KAZE-2 5) D 4 BRICHOUWNTRENT
AT o1z, %2 OEEREEY S /4 DNA ZHiH L, Zhath
HILUC, EHTI, EEBI. FASI KO\ FAS2 18151 pEik A 1Y
BL, ¥ AV I N~ AR EAT o1, B LT & in
FRESE O ILECS X, HERE 3D A T o BT L A
PEFERF O FFELFI D LI AAT\ | 28 B2 TR E LT,

EHTI, EEBI K () FAS] fn1-fEiD DNA A5
EAT DOFE R, R EE B CIIHEESNDH L VB DT
UBEESNARER RO T IO OBEE T O BT
TayBEIF VO EAEFEIZE G L T RNEE X b,
—77. 3 FEOI T a T VS A PEIFERE RSBV T,
FAS2 51D 3,748 ZH B OIEH G 2% A c:ﬂkﬁbfj@@
(KAZA-2 5RO No.227 BRiZ~7TuZ&R)  Zhic
FAS2 Z /37D 1,250 & B DT /W) Gly 726 Ser
LAEL TOBEHEES I (Fig. 1), BLEDZENS, FAS2
BB T D772 1 DFTOD RIS B Lo TAEU T2 28 B3
FAS2 Zo R DBEICL > Th T ar o ER 13
LU AT BT VO EAEICER S TNBEE XD

Nz, e, W7oz F VAFEERENRLE N -T2
No.1333 £ (Table 1) TliX, ZOENLTD FAS2 Bfn1D%E

RIS BN HNLB AR T O 7 IZELT Tz (Fig. 1), 20
LD RIRFEE T RTHIET, BB EORERICK
LHT O BT IOVAFEDLA FEEE S 2 DALz, FAS?
BB T ORI COIRERICL AT a BT VA4
PEREM EOHANTHEITHRESNL TS 2D,

KAFFEIZ LT, £ A E—D0Y %Wﬁﬁ@
PRI U7 B BIETERE RN, BRI FAS2 851 fﬁ—?o_
CLTCHERAEE LT v B TF L eEmAETSH D
EERPABNI L, £7-. DNA v— I —ICLHERE R
RO BRELEEIL, ZEREFOMEEEFHTHILTH
RETHHEZZ LN,
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Table 1 Ethyl caproate in Sake by test brewing, 2010.
Strain No. Ethyl caproate” (ppm)
KAZE-2 5.6
No.227 7.4
No.1333 11.0

*The production amount of ethyl caproate in Kyokai-901 (parental strain)
was estimated at about 1.5 ppm under the same condition.
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Role of DNA Repair and Effect of Herbal Extract on LOH

Induced by lon Beam Radiations in Saccharomyces cerevisiae

T. Nunoshiba®, Y. Sakata®, A. Yamauchi®, K. Satoh®, T. Onodera® and I. Narumi®”

? International Christian University, ®YMedical and Biotechnological Application Division,
QuBS, JAEA, *Present affiliation: Faculty of Life Sciences, Toyo University

The LOH (loss of heterozygosity) induction by various ion beam radiations was investigated in diploid Saccharomyces
cerevisiae. The ion beams 2C%*, 12C%*, “He?* and “°Ar'®* at the lowest dose (75, 75, 200 and 150 Gy, respectively), which
had 30-50% lethality, induced LOH with 10-fold higher frequency. The LOH induction was predominantly (~90%)

resulted from homologous recombination.

in the strain lacking Rev3, only slight induction of LOH was observed.

PolZ may be involved in the induction of LOH by ion beam radiations, because

In addition, the effects of 14 herbal extracts were

examined on iron-beam radiation induced LOH, and ethanol extract of Eucalyptus regnans possessed inhibitory effect on
LOH induced by **C®" ion-beam radiation with the manner dependent on doses of extract.

EWNITFIZ DNA ITHEA R OREITIRS LTI, 4
AHERFOTEDIRTEIX DR DAL A TS DNA 203
BLIEREITAEE T MG > TUWD, E R IR sk
RRTHLHT/ LEROMEFHEEA AL T 228, 7
R AEMBGEMT D L CIEBICEETHD, BUHH
WZXAMEM T ) B~DRBE T 2 1% 2 [EIRH RO
~T oA (LOH: loss of heterozygosity) Z45HEL L
TRRETL C&ETz, ZOETIL LOH B HEELLL IS
72 LOH 2% 2 IRAVZRZERIZ BT L2070~ FHFRIFAHLZ 1
RAET DG FEHRL R XITELDN, TR kD
R E 2 BTN T A Y AT I LB 00 E L HEE
THILENTED, ZOREHAN, A4 =ML THZE
FEREOD 7 ) B0 DHERF R~ R BT B D HL Y
HRAEGAZEEELIZ, DNABECIEERVEZ DNA A
FEEE R DORENZ OV THRF LIRS R BAEKROYEE
FERRHT AL 2-5%1074 THHDITH L, 2C™ K 2C %
PRI /N R D 75 Gy TEHIT 4-7x107° L 10 FLL Lo
FET LOH ZFHH L. *He? Ic >\ T FR S /N e oD
200 Gy T 4-6x107° L% 10 fiF. “ArS CH i/ MR ED
150 Gy T 2-4x107° & 10 fEDMEE T LOH & RL, W
NOBELENLL EOBEICLDRE LOH F3HE D
ERIFRLN 5T, BIEESHLZ LOH D 90%FR 134
[FFH X A7 OB s T EBRRLRZ XL DO T, Ytk
DAREEEIC LD DT T ) 10%FRE TH-oT-, F7-
DNA With 3 (AP) iz @ DNA EHICE DS AP
endonuclease (Apnl) KiEEE, translesion DNA polymerase
TH 5 Poln (Rad30) K O Pol¢ (Rev3) KAEMRIZ W TH R
FL7c&EZ A, Apnl KEEHR & TN Rad30 RAEBHEIZ DWW TIE
WTNOERE CTHO I AR E RERZII DR D723,
Rev3 KKK TIE, FEMRE T 1-4x 10723 L ORR LY LOH 28
EHE THLLDD, BEIZL->Th 75 1N 150 Gy TF
NEN 2-3 5D LOH FBELMALNT, ZhHD LOH 3
%%1Z translesion DNA polymerase PolCDBE 523520303 %
KRR L DIE VT RO e o T, BUE, HIZERERET
MRS TV D9 —-2>D AP endonuclease Apn2 o /R #Ekk
X0, Rev3 KIBHEEAH D DNAEE K IBIEE D 2 /R
CHRVERIL SBITAA LB — ADF ) DG G~ DB 5
X° LOH ##IZE1T5 DNA EECHEEFRVEIZ DNA A&
R OBRENZ DWW TR EINZ DT ETHD,

WICAA e — BT D Ra T W E a2 R
T5HMT, PCTRITT LD LOHFHER ~D 14 FE DY —

B )= X ADONREF T2, cellulose ester membrane
filter T *2C%% 300 Gy MR&TL7= 10" MR OEEREHINE %
B L, 2RI L7ZHIAE 20 uL % 50 uL Off = 2Ll
HIZ YPD B4 2 mL (%, 30 °C, 17 h 5 LD 5
FE R CBRR B M S0 C LOH B3 E A2 Kb i, =D
FER VAKX A, TR, AXRA Y 22— B U THIHD
BRI, BT RA Y 2= DU T, EIRMNTIX
4.4x107° TH-7= LOH 23, IFRA T TIL 1.8x107* 10, =
—HVERINTIL 43x107 [ZETHHIL (Fig. 1A), £7-
UV BHIZED LOH R ~DHF AL 2—HV DB F
BRI A XA ORI REEOINHEIZh 23 7o
7= (Fig. 1B), ZOHEL SN T DD DTFAD
Ay AT 2 A, VI butylene glycol 238 £ T
BHZENNHH ., butylene glycol DOHIBIEEFENEHI D 7= A,
T E LOH Miflic R z7-bnEEZBND, — 5, 2—h
VIZHINE B ST R R 5.2 3, RIS %)
ROWRPHERTEI2ZE0 D (Fig. 1C) . ZOTF ALy
DNRERLTCNDEE ZBLND, L LR IRE RTO/H]
LB AN R RO bR 0T, Sk, 2D
I B OBEREIZ ST, Mz OB E R 2 DNA S
. DNA E1E ~ DA BRI ETLIZV,

1052 _(A). 12C*, 300 Gy (B). UV, 60 J/m?

1.0E-3

LOH frequency

1.0E-4

Non Glechoma Eucalyptus Non

(C). 12C>*, 300 Gy
Eucalyptus

Glechoma Eucalyptus

1.0E-2

1.0E-3

LOH frequency

LOE-4™ 125uL 25uL 504l

Fig. 1  Effect of herbal extract on LOH induction.
A) LOH was induced by 300 Gy of '2C%* radiation.
B) LOH was induced by 60 J/m? of UV. C) Dose

dependent inhibitory of eucalyptus on 2C** induced
LOH.
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Preparation of Gasochromic MoQO; Films by

Reactive Sputtering Deposition

S. Yamamoto, T. Hakoda and M. Yoshikawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Liquid organic-hydrides such as cyclohexane, decalin are
promising carriers of hydrogen gas with dehydrogenation
processes for hydrogen fuel cells. However,
organic-hydrides are highly flammable and volatile. The
monitoring of leakage of hydrogen and organic-hydride
gases at storage or usage sites is strongly required for safe
operation. In explosive atmospheres, optical gas detection
with gasochromic materials such as tungsten trioxide
(WO;) " and molybdenum trioxide (MoQ;) is more
appropriate because they have not any ignition sources such
as electrical circuits. Nevertheless, the correlation between
crystal structure and gasochromic properties in MoO; is not
well understood in comparison with that of WOs.

In the present study, we prepared MoO; films using a
reactive sputtering deposition on SiO, substrates at different
substrate temperatures and annealing temperatures to clarify
preparation conditions and crystal structure for optical
detection of hydrogen and organic-hydride. The reactive
sputtering deposition was performed by a magnetron
sputtering source with Mo metal target in an argon and
oxygen mixture. The substrates were maintained at
of RT-400
Annealing of the deposited films was carried out at

temperatures °C during the deposition.

temperature up to 400 °C for 1h in air. To evaluate the
gasochromic coloration of MoO; films, the films were
coated with a Pt layer by the sputtering method. And then,
optical transmittance spectra (wavelength: 400-1000 nm)
were measured using a spectrometer while nitrogen gas
including 1% hydrogen (1% H,/N,) and nitrogen gas
including 5% cyclohexane, respectively. The films were
characterized using scanning electron microscopy (SEM),
X-ray diffraction (XRD) and Rutherford backscattering

095

Optical transmittance change ratio

600
Wavelength (nm)

Change ratio of optical transmittance induced by
(a)5 min, (b)10 min,

800

Fig. 1
5% cyclohexane/N, exposure.
(¢)15 min, (d)20 min.

spectroscopy (RBS). The RBS analysis using a 3 MV
single-stage-accelerator at JAEA Takasaki was employed to
determine the composition and thickness of films.

The results of the optical transmittance spectra
measurements of the films exposing to hydrogen, significant
optical transmittance changes were observed in MoO; films
deposited at 300 °C and subsequent annealed at 250 °C.
Figure 1 shows a typical optical transmittance change ratio
of Pt(5 nm)/MoOs(180 nm)/SiO, substrate at 130 °C by 5%
cyclohexane/N, with a gas flow rate of 100 sccm
(standard cc/min). The change in optical transmittance of
the Pt/MoOsfilm decreases gradually at a wavelength of
around 900 nm with an increasing exposure time. Figure 2
shows the SEM images of the Pt/MoO; films, MoO; films
were deposited at 300 °C and different annealing temperature
(a) 250 °C, (b) 400 °C, respectively. Flake grain structure
which is unsuitable for optical measurements was observed
in MoOs films annealed at higher than 350 °C.  The results
of XRD indicated the MoO; film deposited at 300 °C and
annealed at 250 °C has (011)-oriented monoclinic structure
and the film annealed at 400 °C has (010)-oriented
orthorhombic structure. It seems that crystal structure of
MoO; may contribute to formation of flake structure of the
films. In summary, we found that (011)-oriented
MoO; films prepared with deposition
temperature of 300 °C and annealing temperature at 250 °C
have potential for optical detection of hydrogen and
organic-hydrides.

monoclinic

Reference
1) S. Yamamoro et al., JAEA Takasaki Annu. Rep. 2011
(2013) 117.

Fig. 2 SEM images of the Pt/MoO; films, MoOj; films
were deposited at 300 °C and annealing temperatures (a)
250 °C, (b) 400 °C, respectively.
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1D Protein and Sugar Nanostructures by

Single Particle Reactions

S. Seki”, K. Takano®, M. Omichi®, A. Asano”, H. Marui®) and M. Sugimoto®

a)Department of Applied Chemistry, Graduate School of Engineering, Osaka University,
Environment and Industrial Materials Research Division, QuBS, JAEA

Ion-beam irradiation of films based on polymeric
materials has been shown to cause cross-linking reactions,
leading to the formation of a polymer gel containing
1D-nanostructures, known as nanowire. A single ion
particle can fabricate one nanostructure along its trajectory;
this methodology is referred to as the single particle
nano-fabrication technique (SPNT)". Polymeric materials
with an alkyne moiety have the ability to easily introduce
functionality by the formation of a strong covalent linkage.
The copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition

2)
7<) has

of alkyne and azide, called the “Click reaction
recently been revealed to be an important modification
technique because this reaction can result in high yields
under mild and with ease of operation. Herein, we report a
fabrication technique with the concept of “a nanowire
produced by a particle”, released from these limitations,
using “Clickable” nanowires to construct highly controlled
biological macromolecular materials.
Poly(styrene-co-4-ethynylstyrene) (PSES) with an alkyne
“Click” function was synthesized by a nitroxide-mediated
controlled/living radical polymerization. = PSES (Mn =
15,200 g mol”, PDI=1.31) and polystyrene (PS) (Mn=
13,200 g mol”', PDI=1.18) nanowires were fabricated using
the SPNT with an irradiation of 450 MeV '*Xe*" particles
at 3.0x10° ions cm™. The

cross-sectional radius of PSES and PS nanowires was

PS was used for comparison.

estimated to be 13.2 nm and 4.7 nm, respectively, measured
by an atomic force microscope (AFM). The nanowire size
was revealed to have good correlation with the spatial
distribution of deposited energy in an ion track by a
penetrating ion particle, the parameters of the target
materials, and the efficiency of cross-linking reactions.
Semi-empirical modeling of the PSES nanowire size gives
estimates of the cross-linking efficiency of Gpggs (x) as>3
(100 eV)™', which is a higher value compared to PS with Gpg
(x)>0.4 (100 eV)™.

In order to fabricate the 1D-protein nanowires, avidin can
be introduced to the surface of PSES nanowires by using
avidin-biotin affinity after the biotinylation reaction (Fig. 1).
Figures 1 (ii) and (iii) show the nanowires before and after
The radii of the
nanowires were evaluated to be 164 nm and 27.1 nm

modification of avidin, respectively.

respectively from the cross-sectional profiles in Fig. 1 (iv).
This value difference in the radii nearly corresponds to the
size of avidin®. When the biotinylation process was not
carried out, the radius of the nanowires hardly changed (»
was 17.1 nm). These results indicate that a mono-layer of

avidin is formed on the surface of the nanowire by the

The
PSES nanowires can produce not only 1D-protein nanowires,

avidin-biotin interaction, as shown in Fig. 1 (v)¥.

but also 2D-protein sheets by modifying the assembly
This is the first report of
bio-macromolecular materials arranging a protein onto

structure of the nanowires.

highly controlled structures composed of 1D-nanowires.

1Ns {~o ) NH:

CuBr(PPh;);, DIPEA, THF
2. NHS-biotin, NEt;, DMF
S

Height / nm

Lo 2000 ;
Horizontai Distance / nm

Fig. 1 (i) Scheme for fabrication of the protein nanowires by
using chemical modification and avidin-biotin system.
(i1) AFM micrograph of nanowires based on a PSES film
prepared by exposure to 490 MeV 205’ particles at
1.0x10* ions cm® (i) AFM micrograph of modified
nanowires.  The surfaces were modified with avidin.
(iv) Cross-sectional profiles of nanowires based on PSES
before and after modification. (v) A visualization of a
bio-macromolecular nanowire covered with avidin.

The alkyne moieties have two important roles: improving
the cross-linking efficiency for radiation and introducing
functional materials with Click reactions. Fabrication of
and highly controlled 2D-arrays of
bio-macromolecules can be carried out by simple surface
modification and assembly of PSES nanowires. SPNT
with the “top-down” technique was thus used to fabricate
the 1D-nanostructure, which maintained the function of the
The surface of the nanowires can acquire
any functionality using chemical and Dbiological
modifications. This represents a step in fusing “top-down”
and “bottom-up” approaches, providing the foundation for
the development of a new strategy for the architectures of
nanosized functional materials via radiation chemistry.

1D-nanowires

base material.
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Heavy-ion beams are used for high-density energy
deposition in polymeric materials. Ion irradiation at low
fluence without overlapping between ion tracks produces
single ion events in the target materials. Single ion
bombardment can release active intermediates at high
density within a limited area along the single ion track. In
crosslinking-type polymers, the crosslinking reactions along
the ion track result in the formation of a cross-linked
nanogel (nanowire) in the thin films. The non-crosslinked
area can be removed by development procedure, utilizing
the change in solubility due to the gelation of polymer.
This technique (called as Single particle nanofabrication
technique (SPNT)) is useful to fabricate one dimensional
9 In this paper, we demonstrated that
silver naoparticles were formed on nanowires based on
poly(vinylpyrrolidone) fabricated by SPNT through the
reduction of AgNO;. The number and size of silver

nanopartilces were also controlled by reduction conditions.

polymer nanowires

PVP films were prepared on Si substrates by spin coating
technique. The thin films were exposed to beams of
490 MeV 205" at the TIARA cyclotron accelerator
facility of the Japan Atomic Energy Agency (JAEA). After
irradiation, a non-cross-linked polymer was removed by
development using IPA. PVP nanowires were successfully
fabricated and isolated on Si substrate by irradiation and
The substrates coated with a
layer of PVP nanowires were immersed into a solution
containing AgNOj; and capping reagents. The reduction of
AgNO; was carried out at 80 °C for 1-60 minutes,
respectively. After each immersing time, the samples were

wet-development procedures.

rinsed with pure water to stop the reduction reaction and dried.

Observation was subsequently carried out using SEM.

The Ag nanoparticles were formed on PVP nanowires by
the reduction of AgNO; as shown in Fig. 1.
Ag nanoparticles increased depending on reaction time from
The sizes of Ag nano-particles were also

The number of

10 to 60 minutes.
changed by reduction time. The sizes were measured using
TEM and plotted in Fig. 2. The average sizes were also
increasing in immersing times in AgNO; solution.

Therefore, it is suggested that the surface modification of
PVP nanowires by the Ag nanoparticles can be controlled by

changing the immersing time.
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Fig. 2 The diameter of Ag nano-particles formed by
immersing the samples in a solution with AgNO; at
80 °C for 1-60 minutes. The sizes were measured by
TEM observation.
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Fig. 1

SEM images of Ag nanoparticles on PVP nanowires.
The formation of Ag nanoparticles was carried out by immersing the samples in a solution with AgNO; at 80 °C for
(a) 10, (b) 30, and (c) 60 minutes.

The PVP nanowires were prepared by SPNT on Si substrates.
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Ion beams are used for high-density energy deposition in
polymer materials. Single ion bombardment can release
active intermediates at high density within a limited area
In crosslinking-type polymers,

the crosslinking reactions along the ion track result in the

along the single ion track.

formation of a cross-linked part in the thin films.
Developing irradiated samples using an organic solvent to
affords isolated
nanofiber with controlled size and number density .

remove a non-cross-linked polymer

This direct fabrication technique of polymer nanofiber is
called single particle nanofabrication technique (SPNT).
Based on the concept of single-track gelation, this study
based on
poly(vinylpyrrolidone) (PVP) containing Platinum (Pt)

presents formation of  nanofiber
nanoparticles and we also report their radii dependence on
hexachloroplatinic(IV) acid (H2PtCl6) concentration.
Poly(vinylpyrrolidone) was dissolved in 2-propanol at 5
mass%, then H2PtCls was also dissolved at 1.0-10 mass% as
against PVP. These solutions were spin coated on a Si

substrate. The thin film of PVP was subsequently placed

1920S3O+

The
irradiated films were treated using 2-propanol for 60 sec.

in a vacuum chamber and irradiated to 490 MeV
beams at ion fluence of 1.0x107~1.0x10° ions/cm?.

and the insoluble irradiated part of the film was developed
as nanofibers. The sizes and shapes of the nanofibers were
observed using Scanning Probe Microscopy (SPM : Seiko
Instruments Inc. SPA-400) using dynamic force microscope
method. The size of cross-section of nanofiber was defined
as an average radius of cross-sectional measurements.

The nanofibers were successfully formed on the Si
substrate by irradiation to PVP thin films, and then Pt
nanoparticles were found in these nanofibers by TEM

observation.

Figure 1 shows SPM micrographs of the

Fig. 1 SPM micrographs of PVP nanofiber containing Pt
nanoparticles. Each concentration of H2PtCls in PVP
thin films is (a):1.0 mass% (b):7.5 mass%, respectively.

nanofibers synthesized from PVP with the concentration of
1.0 and 7.5 mass% of H2PtCle.
of H2PtCle, the shape of the nanofiber was discontinuous,
additionally in the case of 10 mass% of H2PtCle, nanofibers
were not observed. Figure 2 shows dependence of the radii

In the case of 7.5 mass%

of PVP nanofibers containing Pt nanoparticles on the
concentration of H2PtCle.
with  an

The radii of nanofibers decrease
H2PtCle
Furthermore, it was observed a tendency to decrease of the

increase in the concentration.
length of the nanofibers with increasing in the H2PtCle
concentration, although the nanofiber should become the
same length synthesized from the thin film with the same
in the
cross-linking efficiency of PVP, because Pt nanoparticles

thickness. ~ These results mean the decrease
prevent the cross-linking reactions between each PVP
polymer chains as obstacles. However we found that the
radius of nanofiber increase by additional crosslinking using
gamma or electron beam irradiation subsequently to ion

beam irradiation ¥

, therefore cutting of the nanofibers
containing high amount of the nanoparticles may be able to
suppress by applying this technique.

This synthesis method will enable to fabricate the
nanofiber with supreme large specific surface containing
catalyst elements; therefore it has been expected as high

efficiency catalyst and adsorption materials.
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Fig. 2 Dependence of the radii of PVP nanofiber
containing Pt nanoparticles on H2PtClé concentration.
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Reduction of noble metal ions and subsequent production
of noble metal particles in a solution has been performed as
a radiation-induced precipitation (RIP) method using high
energy ionizing radiation such as a few MeV electron beams
(EBs) and *°Co y-rays. The size of produced particles is
reported to be smaller as increasing the dose rate of ionizing
radiation?.  Electron beams with energies below 300 keV,
low energy EBs, have been frequently used for surface
modification because they have shorter penetration range
and can irradiate at higher dose rates. Application of such
low energy EBs to the RIP method has a possibility of
producing film matter that consists of noble metal particles
at the surface of the solution. In the present study, this
possibility was examined using a few ten keV EBs for
PtCl¢> ion solutions.

A solution containing 1 mmol/L PtCl¢ ion and
0.5-20 v% ethanol, which plays OH-radical scavengers and
Pt-particle stabilizing surfactants, was prepared as a sample
solution. The sample solution (10 mL) was irradiated with
55-keV and 0.17-mA EBs for 20 s with introducing nitrogen
gas between an irradiation window and the sample solution.
The absorbed dose of irradiated layer of the sample solution
is estimated to be 770 kGy from deposited EB energy and an
electron penetration range of 20 um. The morphology of
products on the solution was observed by Transmission
Electron Microscope (TEM) analysis after fixation on glassy
carbon (GC) substrates. The Pt yield in the products was
measured by Rutherford Backscattering Spectrometry
(RBS).

Black-colored matter was produced at the surface of the
sample solution after EB irradiation at 0.5-20 v% ethanol
concentrations. The films were attached to the surface of
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Fig. 1 RBS spectra for film matter produced at the surface
of EB-irradiated water containing 1 mmol/L Pt and
0.5 v% ethanol.

GC substrates and rinsed with water to remove PtCls? and
PtCl,> ions. The RBS spectrum is shown in Fig. 1 for the
films/GC substrates under 0.5 v% ethanol condition. This
spectrum suggests that the films exclusively contained Pt
and hardly contained O-containing chemicals produced from
H,0 and ethanol.

The peak area corresponding to Pt atoms was examined
for the films prepared from different ethanol concentrations.
The peak area lineally decreased with ethanol concentration
up to 10 v% and seemed to reach a constant value at
10-20 v%. Lower concentrations of ethanol such as 0.5 v%
accelerate the formation of Pt films on the sample solution.

The Pt-films produced at a 0.5 v% ethanol concentration
were observed by TEM after loading to the surface of TEM
collodion membranes. The TEM image (Fig. 2) showed
that the films had network structure having connected Pt
particles with sizes of 2-5 nm.  This result suggests that the
Pt particles with sizes of 2-5 nm are produced through the
reduction of PtCls® ions at the surface of the solution.
These Pt particles coagulated each other to form such
structure.

The obtained results suggest that low energy EBs can be
applied to the production of nano-sized noble metal particle
films as new application of RIP method.

A part of this study was supported by an MEXT
Grant-in-Aid for Scientific Research (C). (No. 23560936).
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Fig. 2 A TEM image of Pt films on the surface of EB
irradiated water containing 1 mmol/L Pt and 0.5 v%
ethanol.
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Chemically and thermally stable polymer-derived silicon
carbide (SiC) membranes have been received attention for
use of hydrogen separation?. The membrane is a thin SiC
film derived from polymer precursor, polycarbosilane (PCS)
film.  We previously prepared the SiC film for the
hydrogen separation by employing our developed method to
form defect-free PCS film on porous support?. Since the
PCS film was formed on porous alumina (Al,O3) support
using dilute PCS solution, it is necessary for improvement of
the coating method to reveal wetting phenomena of PCS
solution. In order to evaluate wetting phenomena of PCS
solution, firstly, we measured surface tension of PCS
solution by maximum bubble pressure method®, secondary,
contact angles between PCS solution or cyclohexane and
Al,O3 substrates were measured.

Figure 1 shows scheme of the bubble pressure method.
The end of the capillary tube was located at the depth h from
the surface of the solution. Bubble was generated on the
tip of capillary tube immersed in the PCS solution by
pressurized nitrogen. As pressure inside the tube was
raised, bubble grows and finally detached from the tube.
When the bubble was detached, maximum bubble pressure P
was followed the equation below;

P=2y/r+pgh
where, r: radius of the capillary tube, p: density, y: surface
tension of the solution and g : gravity. Measurement was
carried out at room temperature, 299 K with monitoring
bubble pressure by a capacitance manometer gauge.

Bubbﬂ ﬂ Q

T

Time

Nitrogen
Capillary tube

PCS solution

Pressure

Fig. 1 Dependence of bubble pressure on time.

Table 1 Surface tensions of PCS solutions and
cyclohexane.
Solution Surface tension (mN/m)
Cyclohexane 240
3 mass% 20.8
5 mass% 22.3
10 mass% 25.3
12 mass% 26.7

Table 1 shows the values of surface tensions measured for
PCS solutions, which were usually used for coating of PCS
film, and cyclohexane as a solvent. Surface tension of
cyclohexane of 24.0 mN/m is quite comparable with
literature data, 24.20 mN/m at 297.82 K9, Though our
data was slightly smaller than the literature one, deviation
was within 1%. While, surface tensions of PCS solutions
were increased from 20.8 to 26. 7 mN/m with increasing the
concentration of PCS solution. As is known that liquid
with low surface tension wets the surface of a material well,
accordingly, it is expected 3 mass% PCS solution wets
Al,O3 better than 10 mass% solution or cyclohexane.

Figure 2 shows dynamic contact angles between either
3 mass% PCS solution or cyclohexane and Al,O3 substrate.
At the origin of the plot, each liquid is dispensed on Al,O5
(single crystalline sapphire, m-plane) substrate.  Lower
contact angle for 3 mass% solution observed at more than
1,500 ms was explained by lower surface tension of
3 mass% solution than that of cyclohexane. On the basis of
this experimental result, surface tension data and Young’s
equation, we could estimate the contact angle of 10 mass%
solution more or less 10 degrees. This estimation enabled
us to avoid measuring contact angle for 10 mass% solution
with extreme difficulty, because the solution easily formed a
lump of PCS at the tip of the dispenser and scarcely
dispensed. Dynamic contact angles measured for other
sapphire substrates with either crystalline plane of a- or r-
plane were almost the same as that measured for m-plane.
In conclusion, it is confirmed that PCS-cyclohexane
solutions whose concentration up to 10 mass% wet Al,O3
well.
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Fig. 2 Contact angles between either 3 mass% PCS

solution or cyclohexane and Al,O3.

- 128 -



JAEA-Review 2013-059

Investigation of Permeation Mechanism through

Zeolite Membranes by Using lon Beam Irradiation

M. Nomura®, R. Ono?, D. Tamashiro® and M. Sugimoto®

) Department of Applied Chemistry, Shibaura Institute of Technology,
%) Environment and Industrial Materials Research Division, QuBS, JAEA

Hydrophilic zeolite membranes such as a mordenite
membrane have been developed for water permselective
membranes from alcohol aqueous solution?. Usually, a
zeolite membrane is a polycrystalline structure. There are
two kinds of pathways through zeolite membranes.  One
is intracrystalline pathways that molecules pass through the
inside of zeolite pores. Other is intercrystalline pathways
that molecules pass through the outside of zeolite crystals.
In this study, effects of ion beam irradiation on hydrophilic
mordenite zeolite membranes were investigated as one of
the physical post-treatment to improve the water flux
through the membrane. The ion beam trucks through the
mordenite membranes must be the intercrystalline pathways.

Mordenite zeolite membranes were synthesized with
mordenite seed crystals on porous a-alumina disk substrates
(¢: 13 mm, 150 nm pore size: Noritake Co.) based on the
recipe described in the former literature”. lon beam
irradiation was carried out using *20s*** ion at 490 MeV by
using a cyclotron. The irradiation fluence was at 1.0 x
10% jons cm? (membrane A) or 3.0 x 10% jons cm?
(membrane B), respectively. The permeation properties
through the obtained membranes were evaluated by
isopropyl alcohol  (IPA)/water pervaporation (PV).
IPA/water PV was employed at 80 wt% of IPA at 75 °C.

Figure 1 shows the transmission electron microscope
(TEM) images of the surface and cross-sectional views of
the membrane B. White circles about ¢ 7.7 nm of the
diameter were found from the surface image shown in
Fig. 1 (a). These circles were the ion tracks damaged by
the Os irradiation. The density of the white circles was
about 2.3 x 10*° cm2 from the low magnification image.
This fluence was the same order to the irradiation fluence
(3.0 x 10%° ions cm™) measured by using a Faraday cup.
The straight line was found from the cross-sectional view
shown in Fig. 1 (b). The width of the line was
approximately 8 nm, which is almost the same as the circle
size in the surface view.

Figure 2 shows the IPA/water PV results through the
membrane A and the membrane B. Initially, water
selectivity was 7600 with 0.069 kg m2 h* of the flux
through membrane A and 2700 with 0.088 kg m2 h™ for
membrane B. There was no significant permselectivity
difference found after irradiation at 1.0 x 10'° ions cm 2.
Total flux improved by approximately 84 % by keeping the
high water selectivity above 1,200 through membrane B.
The flux of IPA component increased from 3.3 X
10° kg m2 h! to 1.3%x10™* kg m2 h'* by the irradiation.
The flux of the water component changed for 0.074 kg m™
h™ by the irradiation. If all flux difference was due to the

new pathways made by the Os ion tracks, the water
permselectivity through the new pathways was calculated as
730. This shows that the pathways outside the mordenite
crystals were water permselective.

Fig. 1 TEM images of the surface view (a) and the
cross-sectional view (b) for the membrane B
(irradiation fluence: 3.0 x 10*° ions cm™).
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Fig. 2 IPA/water PV results before and after the

irradiation for the mordenite membranes.
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Radiation processing of polymeric materials is one of the
main modifications in certain modern technologies. The
main chemical effects are chain scission and crosslinking
reactions resulting in enhanced or reduced solubility.
Heavy-ion beams are used for high-density energy
deposition in polymeric materials, and the effects of ion
beams differ markedly from those for low-energy ionizing
radiation such as y-ray and electron beams. In heavy-ion
beam processes, the ionization and excitation processes that
occur in ion tracks result in the generation of active
intermediates at high density, leading to chemical reactions.
Thus, the ion irradiation of cross-linked type polymers
produced 1-d nano-gel (nanowires) by local cross-linking
reactions along in an ion track'™. In this study, ion beam
firstly irradiated to poly(vinylpyrrolidone) (PVP) films in
order to form nanowires. Additionally, electron beam
irradiation to the same film was carried out in order to
control the local crosslinking reaction around naowires.
The change of radial sizes which depended on the dose was
quantitatively measured, and we discussed in terms of
radiation induced gel formation.

PVP was dissolved in isopropanol (IPA) at 5 wt% with
crosslinking agent. PVP films were prepared on Si
substrates by spin coating technique. The thin films were
exposed to beams of 490 MeV '?0s’®* at the TIARA
cyclotron accelerator facility of the Japan Atomic Energy
Agency (JAEA). The ion irradiated films were also
exposed to electron beam with the dose from 40 to 470 kGy.
After irradiation, a non-crosslinked polymer was removed
by development using IPA. The direct observation of the
surface of the substrates were performed using an atomic
Inc.(SII)

force microscope (AFM Seiko Instruments

Fig. 1
The nanowires were formed by 490 MeV Os ion beam
irradiation at 1.0 10® ions/cm?, and additional electron
beam irradiation with the dose of (a) 40 and (b)
320 kGy, respectively.

AFM micrographs of nanowires based on PVP.
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Fig. 2 The radii of PVP nanonanowires formed by ion and
electron beam irradiation. The sizes were measured by
AFM. The electron beam irradiation was carried out
with the dose 40 - 320 kGy, respectively.

SPI-4000). The value of radial size is defined as an
average radius of cross-sectional measurements of a
nanowire.

Figure 1 shows results of ion beam and additional
electron beam irradiation with 40 and 320 kGy, respectively.
The nanowires formed by electron beam irradiation with
40 kGy were partially degraded and separated in the
structures. In contrast, the continuous structures were
observed with increase of radiation dose as shown in
Fig. 1(b).
using AFM and plotted in Fig. 2. The average radius of

The radii of PVP nanowires were measured

nanowires was increased with the dose of electron beam.
These results indicate the electron beam irradiation produces
homogeneous crosslinking reactions throughout films, and
the cross-linking reactions inner or around the nanowires.
Therefore, the stable nanowires were formed by increase of
The radius of
cross-section of nanowire was also increased with an

crosslinking points within a nanowire.

increase of the radiation dose by the cross-linking reactions
between the boundary of original nanowires and around
polymer chains. It is suggested that electron beam
irradiation was useful to precisely control local crosslinking

reaction around a nanowire.
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Since the discovery of carbon nanotubes (CNTSs) in 1991,
a lot of new one-dimensional nanostructured materials such
as nanotubes, nanorods and nanowhiskers for potential
applications have been synthesized by significant number of
researchers.  Some of them have reported that many
nanomaterials such as TiC, NbC, BN, SiO, and GaN
nanostructures are fabricated from CNTs as the template.
SiC is one of the most important wide-band-gap
semiconducting materials for high temperature and high
power. And SiC is also one of the most important
structural materials at high temperature. Therefore, SiC
offers exciting opportunities in electronic devices and in
structural materials at high temperature. We have reported
that the polycrystalline C-SiC coaxial nanotubes, which
were CNTs sheathed with SiC layer, and that polycrystalline
single-phase SiC nanotubes were formed®?. Furthermore,
the amorphous SiC nanotubes were successfully synthesized
by the ion irradiation of the polycrystalline SiC nanotubes at
100 °C®. However, the critical fluence of changing to
amorphous SiC nanotubes from polycrystalline SiC nanotubes
has not been investigated yet. The purpose of this study is,
therefore, to investigate the effect of irradiation ions on the
critical dose of changing to amorphous SiC nanotubes.

Carbon nanotubes (GSI Creos Corporation, Tokyo,
Japan) were used as the template. The C-SiC coaxial
nanotubes were synthesized by heating CNTs with Si
powder (The Nilaco Corporation, Tokyo, Japan) at 1,200 °C
for 100 h in a vacuum. Single-phase SiC nanotubes were
formed by the heat treatment of C-SiC coaxial nanotubes at
600 °C for 2 h in air. The single-phase SiC nanotubes
dispersed in ethanol were deposited on nickel grid sample
holder for transmission electron microscope (TEM)

P

_,ZVOO_nm

observation. These nickel grid sample holders deposited
with single-phase SiC nanotubes were irradiated with
3-MeV Ni** or Au* ions at 100 °C. The ion fluence
ranges of Ni or Au ions were 1.7x10'-7.4x10% or 2.9x
10%7-1.5x 10" jons/m?, respectively.

Figures 1 and 2 showed TEM images and the
corresponding electron diffraction patterns of SiC nanotubes
irradiated with 4.8 x 10*° Ni ions/m? and 2.9 x 10'® Au
ions/m? at 100 °C, respectively. According to these TEM
images, polycrystalline SiC nanotubes were completely
transformed to amorphous SiC nanotubes by both Ni and Au
ions irradiation.  The critical Ni ions fluence and
displacement damage of changing to amorphous SiC
nanotubes were 4.8 x 10'° jons/m? and 1.5 dpa, respectively.
On the other hand, the critical Au ions fluence and
displacement damage of changing to amorphous SiC
nanotubes were 2.9 x 10'® jons/m? and 0.5 dpa, respectively.
Both critical ion fluence and displacement damage
decreased with increasing the atomic weight of irradiation
ions. The reason is considered that the damage area
induced by one ion increased with increasing the atomic
weight of irradiation ion. These results indicate that the
irradiation with heavier ions causes the amorphization of
polycrystalline SiC nanotubes at the lower fluence and
displacement damage.
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Fig. 1 TEM image and the corresponding electron Fig. 2 TEM image and the corresponding electron

diffraction pattern of SiC nanotubes irradiated with 4.8 x
10" Ni ions/m?,

diffraction pattern of SiC nanotubes irradiated with 2.9
% 10" Au ions/m?
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Proton beam writing (PBW) has recently attracted much
attention as a next-generation micro-fabrication technology.
This is a direct-drawing technique and does not need any
masks to transfer micro-patterns to sample surfaces.
Optical waveguides can be directly drawn in PMMA using
PBW because the refractive index of PMMA can be
increased by proton irradiation. In our previous works, we
demonstrated the first single-mode straight-line, Y-junction,
and Mach-Zehnder (MZ) type PMMA-based waveguides
fabricated using PBW and working at A =155 um™?.
They are important components for constructing MZ type
thermo-optic switches for optical-fiber telecommunication
systems®.

Our purpose is to realize this type of optical switch,
schematically illustrated in Fig. 1, utilizing PBW. One
waveguide arm is equipped with a thin-film heater on the
upper cladding that operates as a phase shifter. The phase
shifter can introduce a difference in light-propagation phase
Ag¢ between the two arms by changing the refractive index of
one arm waveguide by manipulating the thermo-optic effect
of a polymer material. The optical switch will be an ON
state when the phase difference 4¢=0 and an OFF state
when Ag= 7 In this study, we attempted to fabricate a
MZ type thermo-optic switch utilizing PBW.

A 15-um-thick silicon-dioxide (SiO,) film was deposited
as an under-cladding on a silicon (Si) substrate (20 mmx
40 mm x 0.5 mm') using radio-frequency magnetron
sputtering. A PMMA film was spin-coated onto the SiO,
film.  The total thickness of the PMMA film was ~10 pm.
A core of a waveguide was drawn in the PMMA film using
a 3-MV single-ended accelerator. The proton (H*) beam
energy was 1.7 MeV, and the beam current was ~50 pA.
The beam diameter was focused to ~1 pm, and the total dose
was set to 100 nC/mm? A MZ waveguide was produced
by symmetrically coupling two Y junctions with a core with
w = 8 um in order for it to work as a single-mode waveguide,
and we set its branching angle to 2° in order to obtain a low
branching loss. The two Y-junction waveguides were
drawn by controlling both H* beam scanning and stage
translation. A 10-um-thick PMMA film is subsequently
deposited again on the sample as an over-cladding by
spin-coating under the same conditions as the first PMMA
layer.

We formed a titanium (Ti) thin-film heater and aluminum
(Al) electrodes on the surface of the MZ waveguide. The
layout of the heater and electrodes was optimized by
Hiratani et al. using heat-transfer analysis to effectively

utilize heat from the Ti heater and Al electrodes®”. They
were formed using conventional photolithography and
wet-etching processes.  First, a 300-nm-thick Ti or Al thin
film is deposited on the waveguide by vacuum evaporation.
Next, a commercial positive photoresist film is spin-coated
onto the metal film, and the resist is exposed by UV light
through a photomask. After development, a Ti or Al thin
film are patterned by wet etching. Finally, the resist is
removed by UV exposure without the photomask and
development.

Figure 2 plots the relative output intensity of the sample
versus applied electric power to the heater at A = 1.55 pm.
An ON/OFF ratio of 9.0 dB and a switching power of
43.9 mW were obtained. The ON/OFF ratio needs to be
around 20 dB, but the switching power is lower than for
conventional silica-based switches. In  commercially
available silica-based devices, the electric power
consumption of one element is typically from 100 to
200 mw?.
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In this study, we examined the effect of electron
irradiation to the surface of a Mm-Ni based hydrogen
storage alloy on the initial activation. We made surface
analysis of the alloy samples by electron spectroscopy for
chemical analysis (ESCA) indicated non-stoichiometric
oxides of rare earths such as LaO, and CeO,, which seemed

responsible for the promotion of the dissociation rate of H,0,

and according enhancement of electrochemical hydrogen
absorption rate. This paper demonstrates an effective
surface treatment of electron irradiation, which induces
catalytic activations of rare earth oxides in the alloy surface.

The hydrogen storage alloy forms an oxide or a
hydroxide layer on the surface in the atmosphere or a low
vacuum. In the hydrogen absorption from the H, gas or in
electrochemical process, the surface oxide layers strongly
inhibit the dissociation of H, molecules or H,O molecules.
In order to reduce such inhibitive effects, we have
investigated various surface modifications of hydrogen
storage alloys by alkaline (Li, Na and K) treatments”, HF
treatment? and ion irradiations®.

A negative electrode material of Ni-MH battery a Mm-Ni
based hydrogen storage alloy, MmNi345C0g73MnNg 45Alg 34
(Mm = Lag3sCeqgs), Was prepared by arc melting. The
alloy was then flushed to produce powder samples by cyclic
hydriding and dehydriding treatments.  The produce
powder samples had an average grain size of about 38 um.
The powder was then pressed under a pressure of 7 t/cm? to
prepare a pellet sample with a size of 12 mm¢ and 1.2 mm
thickness as cathode, Ni(OH), as an anode, for the
measurement of hydriding rate in electrochemical process
alloys.  Surface modifications were made by electron
irradiation and alkaline treatment.  Electron irradiation onto
the surface for a sample was made in an acceleration energy

gm g o0,
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Fig. 1 ESCA depth profile analyses for sample irradiated
(a) sample without irradiation, (b) in the He gas, (c) in low
vacuum, (d) in the atmosphere.

0

of 2 MeV, and a dose of 1x 10" cm™ in the atmospheric air,
in a vacuum (~2 Pa) and in a He gas atmosphere using a
2 MV Cockcroft-Walton electron accelerator.  For the
electrochemical measurements of initial hydrogen
absorption reaction rate of the electron irradiated and
un-irradiated samples, the rate of hydriding of the samples
were measured in a 6 M-KOH using the open cell at a
constant voltage -0.93 V at a temperature of 298 K, from 0
to 120 min. The pellet samples after the irradiation
treatment were subjected to the microstructure observation
by scanning electron microscopy (SEM), and the depth
profile analyses by ESCA.

Figure 1 shows results of ESCA depth profile analyses
with respect to distributions of oxygen and Ni atoms in the
surface region of samples (a), (b), (c) and (d) before
electrochemical process. Sample (d) irradiated in the
atmosphere exhibited the highest oxygen concentration in
the surface among the samples. Sample (c) irradiated in
low vacuum exhibited also high oxygen concentrations,
however, lower than that of sample (d). Compared with
these samples, sample (b) irradiated in the He gas and
sample (a) without irradiation show low oxygen
concentrations in the surface. These results indicate the
difference in the surface composition in the atmosphere or
low vacuum. From results of sample (b), the He gas was
found to inhibit surface oxidation during electron irradiation
effectively. For all samples, Ni atoms in the surface seem
totally oxidized.

Electron irradiation was very effective in the
improvement of the initial activation of the Mm-Ni based
alloy by electrochemical process at 298 K when, prior to
hydrogen absorption, the irradiation to the alloy surface was
made in the atmosphere or low vacuum with relatively high
oxygen partial pressures. The irradiation to the alloy
surface induces morphological modifications of the surface,
and the formation of non-stoichiometric oxides of Ce or La
in the surface. These oxides contribute to the promotion of
the dissociation of H2O molecules, and results in the
improved initial activation in electrochemical process.
However, no improvement in the electrochemical hydrogen
absorption was found for the Mm-Ni based alloy with
electron irradiations in the He gas. These alloys surface
were covered with thin layers of stoichiometric oxides such
as CeO2 and NiO which have no contribution to the
dissociation of H20 molecules at room temperature.
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Polytetrafluoroethylene  (PTFE, -(CF,-CF,),-) and
fluorinated ethylene propylene (FEP,
-(CF,-CF,),-(CF,-CF(CF3))y-) are known commercially
under the trade name Teflon. They exhibit several
desirable properties  for  the fabrication of
microelectromechanical systems and biochemical tools.
Using keV nitrogen ion beam irradiation, needle-like
protrusions are created at a high density over the entire
irradiated area”. These unique surfaces are useful in cell
culture dishes, because cells can attach and spread on top of
the protrusions®. Therefore, it is important to enhance this
cytological feature of the Teflon surface for the further
development of biotechnology. In order to arrange cells on
such a unique surface, micropatterning of Teflon is one of
the best approach. In this study, several flat patterns were
created between micro-protrusions on FEP surface using
proton beam writing (PBW) and subsequent nitrogen ion
beam irradiation. High-energy protons (e.g., 500 keV to
3 MeV) penetrate deeply into materials with depositing their
energy along their trajectory. These properties of an MeV
proton beam was used to create patterns between the
micro-protrusions formed via keV ion beam irradiation.

First, a FEP sheet (100-um-thick, Daikin Industries) was
irradiated by a 3.0 MeV focused proton beam from a 3-MV
single-ended accelerator. The diameter of a proton beam
was approximately 1 pum, and the beam current was set at
200 pA. The fluence was varied between 2.5x 10" and 2.5
x 10" ions/cm? by changing the exposure time. The beam
was scanned over 50 um? patterning area. Next, to form
dense micro-protrusions on the surface, the scanned surfaces
were subsequently irradiated with a 250 keV N," ion beam
using a 400-kV implanter®. The surface were observed
with an optical microscope (SZX16, Olympus Corp.) and an
scanning electron microscope (SEM) (TM3000, Hitachi
High-Tech. Corp.). The molecular configuration of the
samples was analyzed using  attenuated total
reflectance/Fourier  transform  infrared  (ATR/FT-IR)
spectroscopy (FT-700, HORIBA, Ltd.).

When the fluence of PBW and subsequent 250 keV N,"
ion beam irradiation were 1.3 x 10'? ions/cm? and 2.0 x
10" ions/cm? respectively, the surface morphology
changed as shown in Fig. 1. Smooth areas were formed
between dense  micro-protrusions, and their size
corresponded to that of the patterns by PBW. Therefore,
the formation of the smooth areas was explained as follows.
When PBW was carried out on an original FEP surface,
radical fragments were generated in the scanned areas due to
irradiation-induced scission of the main polymer chains.

During subsequent N, ion beam irradiation, the scanned
areas were only evaporated because the temperature of the
sample was raised without formation of micro-protrusions.
New bonds (C=C, COOH, C=0, COO, and -OH) were
detected locally in the patterned areas with an ATR/FT-IR
analysis. They were formed by reactions of radicals with
oxygen when the samples were exposed to air. Their new
bonds help cells attach to the surface, and it has already been
confirmed that fibroblast cells can also attach and spread on
top of micro-protrusions ?.  Therefore, patterned FEP
surfaces can be used in three-dimensional cell culture

dishes.

Fig. 1 SEM image of FEP surface patterned using a
3 MeV proton micro beam followed by irradiation with
a 250 keV N,* ion beam. The white and black arrows
indicate the surfaces irradiated only by the N,* ion beam
and the patterned areas, respectively.
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Aiming at development of a flexible dielectrophoretic (DEP) device equipped with 3D-pillar arrays, we studied
fabrication processes of a high-aspect-ratio pillar arrays on polyethylene terephthalate (PET) films using proton beam writing.
The high-aspect-ratio pillar arrays of epoxy were successfully fabricated by applying an appropriate post-exposure bake
process on the SU-8 film onto the PET with transparent indium tin oxide (ITO) electrodes, which were patterned prior to

PBW.

FHEBIKEIT NAAIZT o b v — A4 E (PBW: Proton
Beam Writing) & i\ =@ 7 AT RNEEBERET—T LA
EHEKENT SARRLAIATZET, BRRE DA
U, @R AR T OB REREL &Y,
BERDWFIETIL, SIRRH T AL ST MR FITF A AE
FIEAT TR, IHEIT RET A AR FE R E W
BHIET, THAAALEE G, iiEE2H 35500
RETAIENFREIC /2D, T, Bz HnasZ e
T, AR ANREETT SAARELTORIAICED, 5%,
FBEIKENT NAADWE RN DTRINDEE Z HND,

ARFFEREEE T, PBW 2 AW CE 7 AT Mk &
TEOZ oz 212 ED HTAFM BT L TETZ 3 IRTT#
BIKEYT A A% ZlikE LB AVE ST PET 74V A
FIZERIL, 7L 7 VTR, IR ANOF EIKE)
T AADVER A HINET 5,

FBEMARET—OERITIE, A O RO M IESU-8
3025 (MicroChem #1:%4) 2 H L 7=, T3 BARLEELT-
PET7 /LA L1215 pmEE DSU-8% AL L ot — MEIZ TR
JEL , JF IS RIETIARAL LT EH T K7L~
JVEREE TS # — R B OPBWEEE I TR (B —
LT E—1.0 MeV, B —2A5851.3 um, 3EFER 5.0 pA,
FREHE10~90 nC/mm2) 21T -7, TD#% . (L FHEEIER %
B4 ARBRAERE ST L UAMIA 2170 82 Y6 % O ZAL
FRCHHPEBAEIREEGS °CIC T34 M T -7, BB
(MicroChem 4t # SU-8 Developer) (2 EL B4 % .
2-propanol TV ALTZ,

TLX T TIOVHEBIKENT A AOEBEMICIL, 7B IKE)
RENENOOBIEE RIS T D720, BB T
B5 1TO ZHW =, ROBESCHAED OFPR-5000LB
CRERFUSME T3 (BF) ) 28AF 72 ITO f+% PET 74V A
Z UV #0% (B &:12.5 milcm?) . B L7-, £D1%,

1.3 [1m] ®

10

r
-
o

@
-
-
.
S
Ly
8
8

[ |

-
-
-
-
-
-

At

@ (b)

Fig. 1 Scanning electron microscope (SEM) images of
SU-8 Pillar array on the PET film obtained for samples
(a) with and (b) without post exposure bake at 65 °C for
3 minutes in air.
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Fig. 2 Actual diameters obtained for pillars with a written
diameter of 2.0 um under different fluence after
development with and without PEB. The pillar
diameters of zero indicate that no pillar arrays were
formed without collapse after development.
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Li-ion batteries are attractive candidates for portable
consumer electronics, electric vehicles, and so on, since
they can provide high energy and high power densities.
Li-ion batteries consist of a positive and a negative
electrode separated by an electrolyte layer, which must be
an ionic conductor and electronic insulator. Once positive
and negative electrodes are linked by an external circuit,
spontaneous electrochemical reactions take place, in which
chemical energy is transformed into electrical energy.
These reactions involve the lithium-ion diffusion between
the positive and the negative electrodes. Therefore, the
performance of a Li-ion battery strongly depends on the
characteristic of the electrodes and in particular on the
Li-ion diffusion capabilities. Because of this reason the
study of the Li distribution in the positive electrode is one of
the main points of concern in further battery development.

The use of p-lon Beam Analysis (IBA) with scanning
procedures allows studying elemental concentration
distributions with high lateral resolution (in the pm range).
We investigated the Li and Ni distribution for as-received
and charged positive electrode containing
Li,NiygCoy 15Aly 050, (0.75<x<1.0) microparticles as active

(a)

material by using particle induced y-ray emission (PIGE)
and particle induced X-ray emission (PIXE) at TIARA,
respectively. Li distribution maps of individual secondary
particles (active material) are shown in the figures 1 and 2.
The dependences of the Li distribution in a secondary
particle as well as on electrode thickness are presented V.

The Fig. 1 shows that the Li concentration relative to the
Ni distribution is uniform. On the other hand, the Li
distribution in the thich electrode sample is found to be
non-uniform, but it is relatively uniform in the thin sample.
This is the first finding in the Li battery research, although it
is predicted?.

This work was performed under "Project for promotion
of shared use of high technology research institute" for
creation of research platform and sharing of advanced
research infrastructure by ministry of education, culture,
sports, science and technology.
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Non-stoichiometric titanium nitrides, TiNy, have covalent
properties as well as metallic and ionic properties, which
make them fascinating for both fundamental research and
technological applications. Recently, it has been revealed
that the interesting physical properties are related to the
crystallographic electronic

structures .

(preferred oriented) and
However, atomistic growth processes of TiN,
films due to ion implantation, especially correlations
between implanted ions and deposited Ti films in the early
N-implantation stage, have not been sufficiently studied.
In order to clarify atomistic transformation processes of Ti
films, in-situ observations by using transmission electron
microscope (TEM) and electron energy loss spectroscope
(EELS) have

characterization of the electronic structure by molecular

been carried out, along with the
orbital calculations.

The as-deposited Ti films on thermally cleaned NaCl
substrates consisted of both TiHy and hcp-Ti with some
preferred orientations at RT. The N, ions with 62 keV
were implanted into hcp-Ti and TiH, with preferred
orientations in the 400 kV analytic high resolution TEM
combined with ion accelerators at JAEA-Takasaki®),

In-situ  TEM observations have revealed that the
(110)-oriented TiNy, is formed by nitriding the
(110)-oriented TiH, in the band-like TEM contrast region of
the as-deposited Ti film, whereas the (001)-oriented TiN, is
mainly formed by the transformation of the
(03-5) -oriented hep-Ti to (001)-oriented fce-Ti. In-situ
EELS observations have elucidated that the release of H
atoms in TiH, proceeds preferentially in the early
that in the

N-implantation stage the electron density in the hybridized

N-implantation stage, and subsequent
band by N 2p and Ti 3d-Ti 4p states increases gradually
with increasing N-concentration, which means that the
number of N atoms bonding to Ti atoms increases gradually.
Comparison of the net areas of the energy loss peaks
concerning N 1s (K) and Ti 2p (L2,3) electrons in electron
energy loss spectra for TiHy and hcp-Ti regions is shown in
Fig. 1.
area ratio keeps a positive value with the increase in

From Fig. 1, it can be seen that, the difference of

N-concentration until the concentration ratio N/Ti reaches
near ~0.25.
than 0.25, the difference of area ratio is not so clear, in other

When the concentration ratio N/Ti is larger

words, the values can be regarded as an average 0 within the
It can be considered that N
atoms implanted into the Ti films can be located as the

limit of experimental errors.

atoms dissolved randomly in the interstitial sites and those
(bonded to Ti atoms) in the octahedral sites of each Ti
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Fig. 1 Variation of the difference of the net areas of the
energy loss peaks concerning N 1s (K) and Ti 2p (L2,3)
electrons in electron energy loss spectra for TiH, and
hep-Ti regions with the increase in the concentration
ratio N/Ti. The vertical axis is the difference of the area
ratios, (the area ratio for TiH, region) - (that for hep-Ti
region).

sublattice (hcp or fce-Ti). Considering the fast diffusion of

N atoms in the interstitial sites in the Ti films, the amount of

the dissolved N atoms in the interstitial sites in hep-Ti and

TiH, regions during N-implantation is nearly the same.

Therefore, the difference of the area ratio, N/Ti, between

TiH, and hcp-Ti regions at the initial implantation stage

(less than N/Ti=0.25) in Fig. 1 indicates that there are more

N atoms invading into the octahedral sites in the fcc-Ti

sublattice of H-released TiH, than those invading into the

On the other hand, the

difference of the area ratio disappears when the N/Ti ratio

octahedral sites in hcp-Ti sublattice.

exceeds ~0.25, which means that the amount of N atoms
bonded to Ti atoms in hcp-Ti region becomes the same as
that in TiHx region in the further N-implantation stage.
Here, we define N/Ti, 0.25 as a critical concentration ratio.
Therefore, it is concluded that at N/Ti> ~0.25, the hcp-fcc
transformation occurs collectively, when another N atom
invades the neighboring octahedral site, and induces the
growth (evolution) of nucleus of the hep-fee transformation.
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High tunnel magnetoresistance (TMR) effects in
magnetic tunneling junctions (MTJs) have been achieved by
using Co-based Heusler compounds. Recently, giant TMR
ratio and its small temperature dependence were
demonstrated simultaneously by carefully controlled
fabrication conditions with adding a fourth element to the
ternary Co-based Heusler-alloy electrodes of the MTJs.

Quaternary Heusler Alloy Co,(Mny.Fe)Si (CMFS)?Y is
one of the candidates for the electrodes on semiconductors
and have been succeeded in epitaxial growth on Ge(111) by
using low temperature MBE technique?. This successful
epitaxial growth may be supported by almost zero-lattice
mismatching between CMFS (a = 0.567 nm)Y and Ge (a =
0.5675 nm).

In this study, quality and disordering due to static atomic
displacement in CMFS/Ge(111) hybrid structures have been
investigated by axial ion channeling measurements.

Fifty nm-thick CMFS alloy films with compositions of
Co,MngsFegsSi (0.5CMFS) and Co,MngasFeg75Si (0.75
CMFS) were epitaxially grown on Ge(111) substrates at
60 °C by a low temperature MBE deposition technique?.

Two-MeV “He* Rutherford backscattering spectrometry
(RBS) was measured at the backscattering angle of 165°.
Along the zone axis Ge<111> and axial channeling dip
curves were analyzed in order to obtain an accurate
minimum yield (ymin) and a critical half angle (y1,).

Figures 1(a) and (b) show axial channeling dip curves at
each CMFS/Ge heterointerface along a crystal axis of
Ge<111> for (a) 0.5CMFS and (b) 0.75CMFS, respectively.
The dip curves include all atoms because of impossible
separation of ion yields due to neighbor atoms. In both
curves, the minimum vyields (ymn) at the <111> axis
originate from ion scattering by Co atoms, while increase of
yield near the axis may come from Fe. The ymin Of
0.5CMFS was 0.035 (3.5%) which was smaller than 0.088
(8.8%) of 0.75CMFS. The ymn Of DOs-FesSi,
L2;-Fe,MnSi (FMS), and L2;-Fe,CoSi (FCS) epitaxially
grown on Ge(111) were 0.013-0.045 (1.3-4.5%). The
critical half angles (y,) for both CMFS were 0.75-0.76°
which were smaller than those of Fe;Si (0.98°), Fe,MnSi
(0.85°), Fe,CoSi (0.88°).

To discuss on disordering of atomic row, static atomic
displacement <ug> was deduced from analysis based on
channeling parameters (ymin and y15), the Debye model and
the Barrette-Gemmell model®.

It was found that 0.75CMFS at the interface had the
largest <us> and the inside <us> became smaller that that at
the interface. The <ug> of CMFS/Ge interface was

relatively larger than those at other alloy cases. The same
systematic behavior has been reported in FMS/Ge structures
because of increase in lattice mismatch (8 < -0.06%) at their
interfaces®. The & of 0.5CMFS/Ge and Co,FeSi (CFS)/Ge
may be -0.088% and -0.123% which are relatively larger
than the 6 of FMS/Ge. This difference in the & between
them can be reflected in the larger values of <ug> of
0.5CMFS and CFS/Ge interfaces and their insides. This
important fact teaches us that such a large atomic
displacement of 0.012 nm (A ~ <ugs>/a=0.012/0.567=2.1%),
which causes significant disordering of atomic row, is
introduced during growth of 0.75CMFS on the Ge surface
(~5 nm thick regions on Ge).

Log. Normalized Y ield
=
T

0.01 L L

1
D
2 ;
> i
2 i
3 ;
< ;
_g" :
PSP S S S PR R
-4 -2 0 2 4
Tilt angle (degree)
Fig. 1 Axial channeling dip curves at the CMFS/Ge

heterointerfaces for (a) Co,MngsFeqsSi (0.5CMFS) and
(b) Co,Mnq 55 Feg75Si (0.75CMFS).
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1. Introduction

It is well known that FeRh intermetallic compounds
show a structural transformation from B2 structure to Al
structure near the melting temperature. \We have so far
studied the effect of ion beam irradiation on the magnetic
properties of this alloy’™. In the present study, we focus
on the effect of energetic ion irradiation on structural
transformation and the hardness. Owing to this purpose,
instead of Fe-50 at.% Rh alloy, we have used Fe-45 at.%
Rh alloy which does not show any magnetic transitions and
remains ferromagnetic below the Curie temperature®.

2. Experimental procedure

Fe-45 at.% Rh bulk samples were irradiated at room
temperature with 16 MeV Au® ions by using a tandem
accelerator at Takasaki Advanced Radiation Research
Institute, Japan Atomic Energy Agency (JAEA).
Irradiation fluences used in the present experiment were
1x10% 5x 10 and 5x 10 fem?. The crystal structures
of the irradiated and unirradiated samples were determined
by using the X-ray diffraction (XRD).

3. Results and Discussion

Figure 1 shows the widely-scanned XRD spectra for the
unirradiated and the irradiated samples as a function of
diffraction angle, 20, for the four kinds of ion fluences.
For the unirradiated sample, all the observed XRD peaks
correspond to the B2 structure. But by the irradiation,
diffraction peaks for Al and L1, phases appear and their
intensity increases with increasing the ion fluence.

The Al phase is a stable phase only at high temperatures.
The structural change from B2 to Al has been observed so
far in FesoRhsg irradiated with 10 MeV | (iodine) ions by
means of EXAFS measurement®. It is well known that the
thermal spike effect occurs by energetic ion irradiations,
leading to high temperature state in the materials”. When
a solid crystal is irradiated with energetic ions, the kinetic
energy of moving ions is partially transferred to host atoms
through the elastic collisions. The recoiled atoms transfer a
part of their energy to other atoms. Hence a cascade
evolves resulting in the formation of a highly disrupted and
very hot region inside the solid, followed by rapid
quenching. Thus, the Al phase which should be stable
only at high temperature is kept even at room temperature.

On the other hand, the process of the phase
transformation from B2 to L1, is quite different from the
case of B2 to Al transformation. The atomic configuration

of the L1, structure can be constructed from four B2 unit
cells. Namely, the transformation from B2 to L1, is a
diffusion-less type (i.e., martensitic transformation).
Although L1, phase doesn’t exist in the phase diagram of
Fe-Rh system, it has also been observed so far in the FeRh
alloy by the high speed deformation®. Therefore, this
transformation is not the effect of the thermal spike effect
but is the effect of high —stress induced by high energy ions.

® B2 structure # Al structure ¥ L1o structure

‘ Fluence
-2
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Diffraction angle, 26 (deg.)

Fig. 1 XRD spectra as a function of diffraction angle, 26,
for the unirradiated and irradiated FessRhys.

4. Summary

In FessRhys intermetallic compound, 16 MeV Au ion
irradiation induces two non-thermal equilibrium structures at
room temperature. The ALl structure, which is the
thermal-equilibrium phase at elevated temperatures is
induced by the thermal spike effect. The L1, structure,
which does not exist in the phase diagram is induced by the
ion-irradiation stress effect.
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Iron—rhodium (FeRh) alloy with B2 (CsCl-type) crystal
structure has been studied intensively because of its unique
magnetic behavior with a first order low temperature
antiferromagnetic (AF)-high temperature ferromagnetic
(FM) phase transition near room temperature ). We
previously reported that the magnetic state of FeRh can be
controlled by irradiation with ion beams of various energies
ranging from GeV to keV?. In addition, we also revealed
that these magnetic modifications were related directly to
the energy introduced by elastic collisions under ion beam
irradiation, which generated lattice defects in B2-type
FeRh *).
patterning of FeRh thin films using energetic light ion

We investigated the possibility of magnetic

microbeam irradiation with various shapes and dimensions.
We  report the
micrometer-sized FM regions observed by X-ray magnetic

magnetic domain  structure  of
circular dichroism photoemission electron microscopy
(XMCD- PEEM).

FeRh thin films were deposited on the MgO (100)
substrate at 973 K by ion beam sputtering from an FeRh
alloy target. H and He ion microbeam irradiation with
2 MeV was performed at JAEA-Takasaki to produce
XMCD-PEEM

observation at the Fe L,-L; absorption edge was performed

micron-sized  magnetic  patterns.
at room temperature at BL25SU of SPring8 to confirm the
synthesized magnetic patterns.

Figures 1(a)-(d) show the XMCD-PEEM images of the
various micrometer sized patters in FeRh film by using
2 MeV H ion beam. The bright regions are considered to
have FM spin orders. In contrast, the gray areas have AFM
spin order. Hence, the images shown in Figs. (a)-(c) reveal
that micrometer sized magnetic patterns with designed
shapes of dot, line and character can be successfully
synthesized by using high energy light ion microbeam.
The observed square regions with various gray scales in
Fig 1(d) correspond to the irradiation patterns with different
ion fluences from 2 x 10" ecm? (top) to 2 x 10'® cm™
(bottom).  Since the brightness of the PEEM images is
strongly correlated with the magnetization of the samples,
we reveal that the magnetic state in local regions of the
FeRh thin films can be significantly controlled by changing

the ion fluences.
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Fig. 1 XMCD-PEEM images of the various micro sized
magnetic patterns by using 2 MeV H ion microbeam
irradiations: (a) dot pattern, (b) grid pattern, (c) character
patterns and (d) square patterns with different ion
irradiation fluences.
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The efficient reflection of fast light ions by solid surfaces
has recently attracted attention. Van Kan and Vis?
observed almost-complete reflection of a 2.5-MeV proton
beam on a Au atomic surface layer at an incident angle of
~5 mrad, which was attributed to binary encounters between
single protons and Au atoms. In focusing a 2-MeV
He*-ion beam by means of tapered-glass capillary optics,
Nebiki et al.? found that approximately 2% of the focused
ions exited the outlet of the tapered-glass capillary without
significant energy loss. Considering the inlet-to-outlet-area
ratio (~1.4 x 10%) of the capillary optics, this result
corresponds to an enhancement in the ion-beam density by
more than four orders of magnitude.

On one hand, charging on the surface is considered vital
for the transmission of slow, highly charged ions through
capillaries with inner insulating walls®. It may be possible
to guide not only light ions but also heavy ions like C, N, O,
and other ions by electric field from the wall. If fast
heavy-ion beams are guided by such charged insulating
surfaces, they can be applied to various scientific and
technological fields. In this study, we first investigate the
transmission properties of a 4-MeV C*-ion beam entering a
gap between a pair of cylindrical convex and concave glass
lenses to inspect the possibility of guiding the fast,
heavy-ion beam with the tilted curved surfaces.

A pair of cylindrical glass lenses was used as the walls of
the curved insulating channel, as shown in Fig. 1. The
setup basically consists of three parts: an aluminum
electrode with an entrance hole, a cylindrical convex
borosilicate-crown glass lens, and a cylindrical concave
borosilicate-crown glass lens. The diameter of the entrance
hole was 1.5 mm. The curvature of both lenses was

Cylindrical-convex
Cylindrical-concave glass lens
glass lens
Aluminum y
electrode
- : 20 mm
Entrance “ i
hole e S
P — x
20 mm

Fig. 1 Curved insulating channel formed by a pair of
cylindrical convex and concave glass lenses.

155.70 mm. The convex and concave lenses face each
other across a gap of 1.2 mm. The entire setup can be
tilted around the z-axis, which passes through the center of
the entrance hole. The tilt angle 6 was defined to be
positive for clockwise rotation. The depth and height of
both cylindrical lenses were 20 mm. The entire setup was
connected to a manipulator with three linear (x, y, and z)
motions and one rotational (6) motion. The transmission of
the 4-MeV C*-ion beam as a function of the tilt angle 6 was
measured by a silicon surface barrier detector.
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Fig. 2 Experimental results of ion-beam transmission (e)
and He—Ne laser-beam transmission (o).

lon-beam transmission is larger than the He-Ne
laser-beam transmission at wider tilt angles (|6] > 2°) as
shown in Fig. 2. The ion-transmission probability is at
least a factor of 2-100 times larger than that of the
laser-beam transmission at the angle.  The angular
dependence of the ion-beam transmission is asymmetric.
Transmission at a positive angle is larger than that at the
opposite angle in the measurements. Transmission at
|6] > 2° almost exponentially decreases with increasing |0)|.
Furthermore, no significant ion-energy loss occurs upon
transmission for the angular range —3° < § < +3.4°. These
results provide evidence that fast heavy-ion beams are
guided by the curved surfaces®.
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Cathodoluminescence (CL) is the emission of photons of
UV to IR wavelengths from a material stimulated by an
incident electron beam. CL properties of minerals depend
on radiation dose of alpha particles, implying its
geoscientific  applications  for  geodosimetry  and
geochronology. CL microscopy and spectroscopy has been
extensively investigated to clarify radiation-induced
damages on quartz, zircon and cordierite and to estimate
natural radiation dose on them, but less on feldspar in spite
of an important rock-forming mineral.

The doses of natural radiation that has been accumulated
by feldspar can be estimated using thermoluminescence
(TL), Optical Stimulated Luminescence (OSL) and Electron
Spin Resonance (ESR) spectroscopy. It is, however,
necessary for estimating the dose by these methods to
extract a large amount of mineral from the target sediment,
so that these techniques are difficult to apply to micrometer
sized grains.  Cathodoluminescence (CL) spectroscopy
provides useful information about the existence of
radiation-induced defect centers in mineral, and with a
spatial resolution of a few micrometers, suggesting a
potential for geodosimetry and geochronometry with respect
to a micron-ordered heterogeneous minerals or single grain
analysis. In this study, CL of He'-ion-implanted feldspars
at 4.0 MeV, corresponding to energy of o particle from
radioactive decay of U and 2*°Th, were measured to
clarify the effect of ion implantation on luminescent
emissions.

CL analysis was carried out on unimplanted and
He*-ion-implanted samples of single crystals of sanidine,
orthoclase, microcline, amazonite, adularia, anorthoclase,
albite, oligoclase, andesine, labradorite, bytownite, anorthite,
celsian and hyalophane.  He® ion implantation was
conducted perpendicular to their surface using a 3 MV
tandem accelerator located at Takasaki Advanced Radiation
Research Institute in JAEA. The specific dose density was
set in the range from 2.18 x 10° to 6.33 x 107* C/cm?.
A scanning electron microscopy-cathodoluminescence
(SEM-CL) analysis was carried out using a SEM (JEOL.:
JSM-5410) combined with a grating monochromator
(Oxford: Mono CL2) to obtain CL spectra and images.

CL images of the cross-section samples of K-feldspars
and Na-rich plagioclase show a bright luminescent band of
~14 pm width as CL halo from the implanted surface,
whereas those of adularia and Ca-rich plagioclase exhibit a
dark line with ~1 pum width on the bright luminescent
background at ~12 to ~14 pm beneath the implanted surface.
CL spectra of K-feldspars commonly consists of emission
bands at ~410 and 730 nm, where the former is assigned to
Ti* impurity and/or Al-O™-Al/Ti defect, and the latter to
Fe** impurity on the T1 and T2 sites. With an increase in
radiation dose, the intensity of an emission band attributed
to Al-O™-Al/Ti defect increases up to 1.07 x 10~ C/cm?, but
those to others decrease. Adularia has a distinct emission
band at ~600 nm caused by defect center, of which the
intensity is reduced by the implantation. A yellow-orange
emission from 500 to 600 nm is also recognized in
He+-ion-implanted K-feldspars and then is assigned to
radiation-induced defect center.

Deconvolution of the CL spectra can successfully
separate this emission bands into Gaussian component at
2.09 eV, of which intensity correlates with radiation dose up
to 6.33x10* C/lcm??. CL spectra of plagioclase reveals
emission bands with peak wavelength centered below
300 nm assigned to Pb?*, and the bands peaked at ~320 and
~350 nm to Ce**, ~380 nm to Eu?*, ~560 nm to Mn*,
~740 nm to Fe*', all of which the intensity decrease with the
enhanced radiation dose. CL spectra of He"-ion-implanted
plagioclase were deconvoluted into the emission component
at 1.86 eV assigned to radiation-induced defect center. The
emission intensity increases with radiation dose up to 6.33 x
10 C/cm?.  Taken together these results indicate that CL
intensity may be used for a quantitative estimation of o
radiation dose from natural radionuclides that alkali
feldspars have experienced, as geodosimetry and
geochronometry in the low radiation level for the blue
emission assigned to AI-O™-Al/Ti defect center and in the
wide-range radiation for the red emission to
radiation-induced defect center?.
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Two kinds of white of Si-O-C(-H) ceramics with reduced excess carbon contents were synthesized from a densely

cross-linked polysiloxane particles.
UV light excitation.

S800 was a sample decarbonized at 800 °C for 1 h, and showed blue emission under a
On the other hand, S1100 was a sample decarbonized at 1100 °C for 3 h, and showed white emission.
These samples were exposed to proton beam or electron beam irradiations.

At high dose (proton beam: 1 x 10%/cm?,

electron beam: 3.95 MGy), white emission of S1100 decreased. The spectrum feature of S1100 was, however, not changed

substantially, while the blue PL band of S800 showed a small shift to longer wavelength.

Perhaps, reduction of white

emission was caused by overlapping of new absorption band at near UV region.

TR KRB SERZOM TR Vv —7 1%, KFERIRIEE
AW, iz R v a Y REIBRAED D [ h D B
RENMZH TS Si-0O-C(-H)BETIv 7 ADARITAIIL

72190 BRIELAI72 & 7\ MR Tl B 2 47,

DA SBERE DM LR DT 4T D0 IRV
fHlkAE Y7 —3% LED HBIORNE T =D %470 H
WHAHHFEIND, FHEEL L CSI-O-C(-H)TENL T 7
ADHFINZTE RSN DI R RIE/RE LD BEIRIBS LT
By AHFFECIL, TEA T 7 AT ’Kﬁﬁéﬁﬂﬁéiﬁ%ﬁ
HoH7T b BE BIOE TR EZITO, B
xé%ﬁiﬁ IOWCERMICHELE, J@’%%émﬂ}aﬁaﬁ
RUTTC, 800 °C T 1 BRI FFL 727884 S800 | 1100 °C
T“ 3 MR L7-30BHE S1100 L1975, PVA Z£{KIZ 5%
BINZ ORI HUIIRIE T, Si R LI AL, wolgk
DO, Fabh S (1 MeV) 217572, S800 137, i
MHE—RI N ORDFEIEE R T OIZRL, S1100 1%, K
%ﬂ% NBLOEAEHEMGDO ODOREMYEH L. Wk

IMNEREINDZECE-T, IRELTAHBRE N E R T D,
MBS 1T 1% 10% fE/cm? BRET DI 5 THEZE A LB,
E5126x 10" fH/cm? B I 5 TR M Al S<HE T
BROLNT,

HAERRDONHERTOMRETEEL T, 1x 10" fE/cm?,
3 x 108 fH/cm?, 1 x 10" ff/em? =R L . BRI D% DI

%@E?ﬁéﬂ* 1Fo7-f B4 Fig. 112784, S800 DI
ZIE R BIZIZZAED SN0 D% L, S1100 DFEE

iﬁﬁ%ﬁg@i%jm‘:f‘:% ICEANALND, F2hboY
TIZL T, PLHIEERAT 745 8% Fig. 2 1ow¥, RS
BOHEKRICEST, S800 DFKE —I DAL A, 410 nm
25 450 nm IZ> 7 LTS, — 75, S1100 D AT ML
FL7Z BIZIZEAEZEAEA LGN, S1100 OFE TR E A
PIRELTFRBDE, BAEDRKERDF I EHF 5 L
WIEIR IR A M 2 TV AT b5, g 2~k
JVORRFTIZ L AUT, H7IT S1100 F O H A EHF ML

A7 AR I Z N TRV CORINEZA L., Btk
IRFRA T W R TCOWRILR Iy DEEEZ T T, LEN
HHLTWEEZLND,

—J7, BT (2 MeV) BT EAT o 7= A1 | [RIEROMEH
MARD BT, B EAH I L7223 T (0.395 -
3.95 MGy) , E— 7L ENRR K REMIS 7503, 7k
FOP72N S1100 D JFH3FEFEBRE DR FAE LY, (Fig. 3)

SIOCH 1100 1ulr CH 1100

Fig. 1 Photo image of S800 (upper) and S1100 (lower) after the
proton beam irradiation, Original, D1 x 10%/cm? @3 x
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Fig. 2 PL spectra of S800 and S1100 after 1x10%-1x10%/cm?
proton beam irradiation, (a) S800, (b) S1100 (by S. Watase and
K. Matsukawa, Osaka Municipal Technical Research Institute).
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Fig. 3 PL spectra of S800 and S1100 after 0.395-3.95 MGy
electron beam irradiation, (a) S800, (b) S1100 (by S. Watase
and K. Matsukawa, Osaka Municipal Technical Research
Institute).
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The sediments from Ichinomegata, locates in the Oga peninsula, are expected to contain aeolian dust (Kosa) from Asian

deserts which potentially records past variations in the Asian monsoon and the westerly jet.

However, extracting

information about aeolian dust from such lake sediments is difficult because the sediments also contain detrital material from

the drainage areas of the lake.

Here we try to extract the aeolian dust information in the sediments from Ichinomegata using

Electron Spin Resonance signal intensity and Crystallinity of quartz.
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Fig. 1 The relationship between ESR signal intensity and
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samples from Ichinomegata core. Taklimakan Desert

and Gobi are also shown as shaded areas®.
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Development of Spin-polarized Positron Beam and

Its Application to Spintronics Study
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In 2011 fiscal year, we accomplished the construction of
a spin-polarized positron beam apparatus by producing the
%Ge-®Ga source V.  To establish the foundation of
spin-polarized positron annihilation spectroscopy (SP-PAS),
we have also studied some ferromagnets?. In 2012 fiscal
year, we have started the study of current-induced spin
polarization on heavy metal surfaces®.

Spin-up (down) positrons preferentially annihilate with
spin-down (up) electrons into two-photons. Positrons and
electrons having parallel spins annihilate into three-photons
with a considerably smaller probability as compared to that
of two-photon annihilation. Hence, in condensed matters,
only two-photon annihilation is normally considered as
annihilation events. The Doppler broadening of
annihilation radiation (DBAR) spectrum (energy spectrum
of two-photon annihilation) represents the electron
momentum distribution. If both positrons and electrons are
spin-polarized, the DBAR spectrum exhibits an asymmetry
upon their spin-reversal. We demonstrated that, through
this asymmetry, the ferromagnetic band structures of Fe, Co,
Ni and Gd can be studied®. Here, we further apply the
above method to the Heusler alloys which are anticipated to
have 100% spin polarization at the Fermi level. Figure 1
shows the change of the DBAR spectra under a magnetic
field (1 T) obtained for Co,MnAl (CMA), Co,MnSi (CMS)
and NiMnSb (NMS). These show different electron
momentum distributions in magnetic field. The majority
spin electrons of CMA have more d-like character.
Replacing Al with Si, CMS tends to exhibit a little s-like
character. In the case of NMS, the majority spin electrons
are more s-like.

Current-induced  spin  polarization ~ (CISP)  on
non-magnetic material surfaces has attracted much attention
due to the rapid development of spintronics devices and
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Fig. 1 Change of DBAR spectra in a magnetic field (1 T)
obtained for the Co,MnAl, Co,MnSi and NiMnSb samples.

their underlying physics. Spin current arises from the
spin-orbit (SO) interaction between the conduction electrons
and nuclei, which then causes CISP. The Rashba SO
interaction, which  originates from  space-reversal
symmetry-breaking at a surface, gives rise to CISP near
surfaces and interfaces. Recently, markedly large spin Hall
effect and Rashba effect are observed for Pt and Au. Thus,
it is particularly interesting to use newly developed
surface-sensitive tools to investigate CISP on Pt and Au
surfaces. Spin-polarized electrons can be detected through
self-annihilation of positronium, which is a bound state of a
positron and an electron. When positronium is emitted into
vacuum, positrons pick up surface electrons near the Fermi
level. The detection limit of spin polarization is low (107
(0.1%)) for normal positron spin polarization (~30%).
These are major advantages for studying surface spin
phenomena. Figure 2 shows the three-photon annihilation
intensity of positronium generated on Pt and Au surfaces as
a function of successive current reversal. The oscillations
observed for the Pt surfaces indicate the occurrence of CISP.
From the amplitudes of the oscillations, the spin
polarizations were more than 1%. Possible reasons for this
large CISP on the Pt surfaces are currently considered in
relation to the Rashba effect and the ferromagnetism
associated with the outermost surface state”.
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Fig. 2 Three-photon annihilation intensity upon successive
current reversal observed for the Pt and Au surface. (j+) and
(j.) denote the direction of current applied for the sample.
Current and positron spin polarization directions are
perpendicular to each other.
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Complementary Study of Vacancy Defects in Si

Substrates by Using SPM and EBIC Method

M. Maekawa and A. Kawasuso

Advanced Science Research Center, JAEA

Electron beam induced current (EBIC) method provides
the spatial distribution of defects in semiconductors®. This
method is based on a phenomenon that electron-hole pars
induced by electron bombardment in a depletion layer
recombine at defects and hence the electric current is
reduced near the defect region.  Scanning positron
microscope (SPM) is a powerful tool for observing spatial
distribution of vacancy defects near the subsurface region.
We have constructed a SPM by using a specially fabricated
small source and a solid neon moderator?. In our system,
the simultaneous acquisition of the SPM and EBIC images
is possible. In this work, a complementary study of
vacancy defects in Si substrates by using SPM and EBIC
method were carried out for the same samples.

Samples used in this work was n-type Si crystals (10x
10 mm) with SiO, film of the thickness of 50 nm. Helium
ion implantation was carried out through an aluminum mask
with four holes.  After implantation, Au gate electrodes and
ohmic contacts were fabricated on the front sides and
backsides of the sample. A focused positron and an

SPMimage
Normalized
S parameter
-1.03
-1.00
-0.97
<+ 1mm
Current
[arb.units]
-10.0
-50
-00

Fig 1. Distributions of S parameter and corresponding
EBIC image.

electron beam were scanned to obtain a special distribution
of positron annihilation parameter (S-parameter) and an
EBIC image.

Figure 1 shows the obtained EBIC and SPM images. In
the ion-implanted regions, dark contrasts are observed when
the gate bias, which induces the depletion layer, was applied.
This means that implantation-induced defects act as carrier
recombination centers. In the ion-implanted region, S
parameter also increases.  This is attributed to the
annihilation of positrons at vacancy defects introduced by
the ion implantation.

Figure 2 shows that the Doppler broadening of
annihilation radiation (DBAR) spectrum obtained in the
high S parameter region (inside the circle in Fig. 1) and
several theoretical DBAR spectra of V2 (divacancy), V18
(vacancy cluster), V2+He and V2+2He (complex of
divacancy and He atoms) defect structures .  The
experimental DBAR spectrum is differentiated by the
spectrum of the unimplanted silicon.  Similarly, the
theoretical DBAR spectra are differentiated by the spectrum
of the perfect Si. Within these models, the divacancy
occupied by one He atoms (V2+He) better reproduces the
experimental result.

The combined SPM and EBIC method which can provide
spatial distribution of electrical active vacancy defects is
expected to be an important evaluation tool in the
semiconductor device process.
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Fig. 2 DBAR spectrum in the high S parameter region.
Theoretical curves for several defect structures are also
shown.
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Positron Annihilation Lifetime Study of Cation Vacancies

in Electroceramics

M. Ryu and T. Suzuki
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Atomic vacancies of oxide electro-ceramics are studied by Positron Annihilation Lifetime Spectroscopy (PALS).
SrTiO; single crystals show three lifetime components corresponding to an average lifetime between bulk and Vv, and

lifetimes for Vs~V complexes and nanosize voids.
lithium ion buttery is studied by PALS.
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Yield of Transient Species in NaBr Aqueous Solution

Irradiated with Pulsed H", C*" and Ne*" Tons
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Heavy ion beams are well-known as high linear energy
transfer (LET) radiations and induce specific irradiation
effects differing from those of low LET radiations. These
specific effects are attributed to initial dense and
heterogeneous distributions along ions’ trajectories”. The
distributions depend on the energy and mass of the incident
ions. Therefore, the systematic investigations by changing
The LET effects have been

investigated by using water and aqueous solutions in the

energy and mass are important.

past because water is considerable substance for the
radiation biology. Hydroxyl radical (OH) is one of the
most important water decomposition radicals. Reaction
intermediates of ‘OH with solute were observed by the
time-resolved spectroscopic method?.

NaBr was selected as a probe reagent for ‘OH since ‘OH
reacts with Br~ to produce Br,, which has a large extinction
coefficient (¢ = 9000 M'em™ at 375 nm)®. NaBr aqueous
solutions (0.009-900 mM) were irradiated with 10 ps pulsed
ions (19.2 MeV/u H', 15.8 MeV/u C** and 12.8 MeV/u Ne**
ions) provided from an AVF cyclotron in TIARA facility.
Absorbance of Br,” at 375 nm was observed by the
time-resolved spectroscopic method. Dependences of the
absorbance on incident ion energy were investigated by
setting Al films, which have several thicknesses, above
sample cell.

The absorbance of Br,™ sharply increased within the ion
pulse and then decreased bi-molecularly. The absorbance
at the pulse end decreased with the decrease in the incident
Formation yield: d(G(Br, )E)/dE (number of
100 eV) of Br,” was estimated by

energy.
molecules per
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Fig. 1 Energy dependence of Br,” yields estimated in
90 mM NaBr aqueous solution.

differentiating the fitting function of a number of Br,”
molecules to the ion energy. The formation yield of Br,™,
which is strongly related to the amount of ‘OH, increased
with the increase in the energy and also decrease in the mass
as shown in Fig. 1. When H, C and Ne ions have the same
energy, their track radii are the same but the deposited
energy density increases with the mass of the incident ions.
The initial density of the produced "OH increases in
response to a deposited energy density, and recombination
reactions of radicals, for example, ‘OH + ‘OH, 'OH + ¢,
Scavenging
time of ‘OH by Br~ can be estimated from the concentration
of NaBr and rate constant (k = 1.1x 10'° M"'s™").  Here, the
concentration was changed for changing the scavenging
times in the range 10'° - 10° s. The formation yield of
Br,” obtained for 10 MeV/u ions decreased from 1.7 to 0.1
in response not only to the ion mass but also the scavenging
time (Fig. 2). The yield of ‘OH decreases as the elapsed
time or as the deposited energy density increases". Our

and 'OH + 'H, increase in an early time scale.

results are consistent with them. Precise analyses to clarify
the behavior of ‘OH in the track are in progress as a function
of initial distribution of radicals and diffusion and reaction
of radicals.
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Transient Absorption Spectra of Biphenyl-Dodecane

Solution Measured by Microsecond Ion Pulse Radiolysis

T. Kondoh ¥, K. Iwamatsu
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To reveal initial processes of ion beam induced track reactions in dodecane, microsecond time-resolved ion-pulse
radiolysis system was developed at TIARA facility. Time dependent behaviors and transient spectra of optical absorption
were measured in biphenyl-dodecane solution irradiated with 220 MeV C>" ions.
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Fig. 1 Time dependent behaviors of 20 mM biphenyl
dodecane solution at 375, 447 and 532 nm.
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Fig. 2 Transient absorption spectra of biphenyl dodecane
solution for different concentration of biphenyl.
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Radiat. Phys. Chem. 78 (2009)

- 149 -



JAEA-Review 2013-059

4 -28

Observation of Scintillation Behavior under Pulsed lon

Beam Irradiation

M. Koshimizu®, M. Taguchi®, S. Kurashima® and K. Asai®
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b Environment and Industrial Materials Research Division, QuBS, JAEA,
c)Department of Advanced Radiation Technology, TARRI, JAEA

A large number of novel scintillation materials for
neutron detection have been developed due to recent
demands for high-quality neutron detection techniques.
In solid scintillators for neutron detection, neutrons are
converted into energetic heavy charged particles via nuclear
reaction, and scintillation is induced by such particles.
The linear energy transfer (LET) of such particles is much
higher than those of high energy photons or electrons.
Such difference in LET may lead to different scintillation
behaviors for detection events of high energy photons and
neutrons, and discrimination of the neutron/photon detection
events may be possible on the basis of the difference in the
scintillation spectrum or decay behavior Y. In order to
develop novel scintillation materials enabling such
discrimination, observation of scintillation behavior at high
LET is indispensable.

In this study, we have attempted to observe scintillation
decay under pulsed ion beam irradiation. The irradiation
was performed by using the AVF cyclotron at TIARA.
Samples were irradiated with a pulsed beam of 20 MeV H,
50 MeV He, or 220 MeV C, and scintillation time profile
was recorded using a photomultiplier tube (HAMAMATSU,
R7400) and a digital oscilloscope. The scintillation time
profile was obtained as an average of detection signals of
1000 pulses.  Wavelength-dependent time profile was
obtained by using a band pass filter in the front of the PMT
window. Figure 1 shows a schematic diagram of the
measurement system.

Figure 2 shows the scintillation time profile of a plastic
scintillator, BC400, under 220 MeV C irradiation. The full
width at half maximum (FWHM) was approximately 5 ns.
Taking into account of the scintillation rise time and decay
time constant of 0.9 and 2.4 ns, respectively, in BC400, the
time resolution was estimated to be significantly less than
5 ns. This time resolution is enough to observe the
scintillation behavior of the time scale longer than several
nanoseconds.

Figure 3 shows the scintillation time profiles under
220 MeV C irradiation of a Li-glass scintillator, GS20, at
different wavelength region. The wavelength-dependent
scintillation time profiles have successfully been observed
by using band pass filters.

Reference
1) A. Yamazaki et al., Nucl. Instrum. Meth. Phys. Res. A
652 (2011) 435.
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Fig. 1 Schematic diagram of measurement system.
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Fig. 2 Scintillation time profile of a plastic scintillator,
BC400, under 220 MeV C pulsed beam irradiation.
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Fig. 3 Scintillation time profiles under 220 MeV C
irradiation of a Li-glass scintillator, GS20, at different
wavelength region.
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Solvent Effect on Copolymerization of Maleimide with

Styrene Induced by lon Beam Irradiation

S. Nakagawaa), M. Taguchib) and A. Kimura”
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Y Environment and Industrial Materials Research Division, QuBS, JAEA

The radiation-induced polymerization of styrene with maleimide was studied in methanol, ethanol, and 2-propanol
solutions by irradiation of H-20 MeV, He-50 MeV, He-107 MeV and C-320 MeV. The polymer yield increased in the order
of methanol, ethanol, and 2-propanol, depending on the reactivity of the solvent radical to initiate the polymerization.
Though the polymer yield decreased with increasing LET value in 2-propanol, the yield by irradiation of He-50 MeV was the

lowest in the methanol and ethanol solutions.

Not only the LET value but also the specific energy of the ions and the

reactivity of the solvent radical to initiate the polymerization will influence the polymer yield and the distribution of the

molecular weight.
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Table 1 The yield of polymer by 1 kGy irradiation of ion
beams.

Irradiation LET 2-propanol ethanol  methanol
source eV/nm

H-20 MeV ~ 2.2-13 3.7 2.9 1.6

He-107 MeV 7.1-60 2.21 1.14 0.50

He-50 MeV  13-100 1.07 0.52 0.22

C-320 MeV  75-600 0.71 0.71 0.38

Unit of the polymer yield: mg/mL/kGy
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Fig. 1 The distribution of the molecular weight of the
polymer obtained by irradiation of He-50 MeV.
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Measurements of Low Energy Neutron Spectra Using

the TOF Method in Quasi-monoenergetic Neutron Fields
at TIARA
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H. Seito® and K. Mizuhashi®

“National Metrology Institute of Japan, National Institute of Advanced Industrial Science and
Technology, ” Department of Radiation Protection, NSRI, JAEA,
9Department of Advanced Radiation Technology, TARRI, JAEA

Precise measurements for high-energy neutrons are
important in studies on neutron dose estimation around large
accelerator facilities such as J-PARC, nuclear data, exposure
in aircrafts and neutron induced soft error rate in
semiconductor devices. High energy quasi-monoenergetic
neutron fields at energies of 45 MeV, 60 MeV and 75 MeV
at the cyclotron facility TIARA are promising candidates for
reference fields in order to calibrate measurement devices'.
The peak neutron fluence was measured with a proton recoil

12 However, it is also

telescope and a liquid scintillator
necessary to precisely evaluate neutron spectra of the low
energy region in the field % because most of neutron
dosimeters have large sensitivity for low energy neutrons.
In TIARA, quasi-monoenergetic neutrons were produced by
the "Li(p,n) reaction. In previous measurements with the
TOF method, it is difficult to measure the neutron spectra
below approximately 10 MeV by limitations for pulse
intervals of ion beams from the AVF cyclotron and the
distance from the neutron production target. In the present
experiments, it was possible to measure the neutron
spectrum below 10 MeV by the TOF method, because ion
pulses with intervals over 1 us from the AVF cyclotron were
obtained by using S- and P-chopper systems developed by
Kurashima et al¥. The neutron spectrum of low energy
region in the field was measured by the TOF method. An
organic liquid scintillator (3” x 3” NE213) was used to
measure neutron energy spectra above 1.5 MeV. A
SLi-glass scintillator (GS20) was used to measure neutron
The NE213 and the
SLi-glass scintillators were placed 6.5 m away from the
target.  The detection efficiency of the NE213 was
determined by calculation with the SCINFUL-QMD code”
as well as by calibration with mono-energetic neutrons at
AIST. The detection efficiency of the °Li-glass scintillator

was obtained from calibration using mono-energetic

energy spectra below 1.5 MeV.

neutrons at AIST. Figure 1 shows the neutron spectra for
45 MeV and 60 MeV neutrons measured with the NE213
detector by the TOF method. Figure 2 shows the neutron
spectrum measured with the NE213 and the °Li-glass
scintillator. ~ The neutron spectra in keV region are
successfully obtained using the S- and P- chopper systems.
The evaporation spectrum produced by the target is also
shown around 1 MeV in Fig. 2. We will also obtain the
neutron measured with a Bonner

spectra sphere

spectrometer by means of an unfolding method. After
measurements with the Bonner sphere spectrometer, the
TOF and unfolding methods will be compared.

It is necessary to evaluate the low energy neutron spectra
more precisely to improve the reliability of the experimental

results.
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Fig. 1 Neutron spectra for proton energies of 50 MeV and
65 MeV measured with the NE213 scintillator by the
TOF method.
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Fig. 2 Low energy neutron spectrum measured with the
NE213 and the SLi-glass scintillators.
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Measurement of Lineal Energy Distributions for Energetic

lon Beams Using a Wall-less Tissue Equivalent
Proportional Counter

S. Tsuda, T. Sato and T. Ogawa
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The biological effects of energetic ion beams have
attracted attention, particularly in particle therapies and
space activity. Deposit energy distribution in a
microscopic site is basic information for evaluating the
biological effects of energetic ion beams. In
microdosimetry, lineal energy (y) is defined and used in the
index of energy deposition in micrometer scale. Lineal
energy can express each energy deposition in a
microdosimetric scale by a single event of both incident
primary heavy ions and secondary particles.

Microdosimetric deposit energy spectra have been
measured for various energetic heavy ion beams using a
wall-less tissue equivalent proportional counter (wall-less
TEPC) ¥ ? and used for the verification of the
microdosimetric function® for calculating y distributions
incorporated in the PHITS code. In the previous studies,
since uniformly spread beam were used to simulate a
uniform irradiation to cells, the measured deposit energy
spectra include the contribution of both incident heavy ion
beams and secondarily produced electrons (delta rays).
In this study, to investigate the radial dependence of y
distributions, y distributions are measured in radial direction
for energetic ions using the wall-less TEPC.

Figure 1 shows the experimental set-up in the HB1
course. The wall-less TEPC? has a transparent detection
part composed of thin wires, the size of which is 3 mm in
diameter and 3 mm high. The gas pressure inside the
wall-less TEPC is kept at 13.3 kPa so as to simulate a site in
tissue measuring 0.72 um. In the standard position, the
centers of the detection part in the wall-less TEPC and the
beam monitor are set in a straight line on the trajectory of
the incident ion beam. The vertical positions of the
wall-less TEPC are changed to measure the y distributions

o ] Wall-less
TEPC

AW
Beam '
monitor |s

Fig. 1 Experimental set-up at the HBL1 line.

apart from the incident ion beam.  The adjustment of height
is performed using a lab jack with precision of 1 mm in the
range of z from 2.5 to 15 mm.

The beam monitor consists of 16 plastic scintillation fiber
(PSF) arrays. The cross-section of each PSF is 1 mmZ
By arranging two groups of 8 PSFs at right angles, the ion
beam positions are monitored at intervals of 1 mm in
64 mm? area. The signals from the wall-less TEPC and the
PSFs are simultaneously recorded on a digital storage
oscilloscope. In terms of the energy calibration, a 2**Cm
alpha source equipped inside the wall-less TEPC is used
before and after the irradiation.

Figure 2 presents the pulse height distributions measured
at z=0.0 and 8.2 um from the 320 MeV carbon ion beam
path, shown in microdosimetric scale unit. In the
distribution at z=0.0 um, on the beam path, the peak of the
incident carbon ions is clearly seen in the pulse height
between 0.5 and 0.6 V. Since the size of the irradiated
beam and the detection area are comparable, most of the
energy depositions are due to the incident carbon beam.
The shape of the pulse height distribution is similar to that
of the chord length distribution of the cylindrical detection
part. On the other hand, the energy deposition at 8.2 um
away from the beam path ranges up to 0.3 V but most of the
signals are found in the range less than 0.1 V due to the
contribution of delta rays. In the next experiment,
y distributions under different gas pressures will be obtained
for the carbon and other kinds of ion beams.
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Fig. 2 Pulse height distributions for 320 MeV carbon ion
beam, measured at the center of the detection part of the
wall-less TEPC (z=0.0) and 8.2 um apart from the
beam path, in microdosimetric scale unit.

- 153 -



JAEA-Review 2013-059

4 - 32

Fabrication of UV Curable Resin Based Microscopic

Devices Using External Scanning
Proton Microbeam
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M. Kokab), T. Satohb), T. Ohkubo™ and Y. Ishii®

®Materials Science Research Division, QuBS, JAEA,
b) Department of Advanced Radiation Technology, TARRI, JAEA

We have demonstrated micro-machining technique using a UV curable resin and external scanning proton microbeam.
A fine hexagonal cylinder array (negative structure of honeycomb pattern) was successfully fabricated. The UV curable
resin is very promising material for Proton Beam Writing technique.
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Fig. 1
hexagonal cylinder array made from a UV curable resin.
The hexagonal cylinder is approximately 20 pum in
diameter. The scale bars are 500 pum each.

Microscopic photograph of a fabricated fine
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300 kV Compact Focused Gaseous lon Beam System
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Focused proton beam of several hundreds of keV with
micrometer scale range become a powerful tool for high
aspect ratio 3-Dimensional structures in proton lithography.
lon beam, especially proton beam, has longer penetration
depth into a certain material than electron beam with the
same Kinetic energy has. When the proton beam’s kinetic
energy increases, the penetration depth becomes longer.
Using different Kkinetic energy of proton beams for one
sample in proton lithography, a three dimensional structure
with high aspect ratio can be made by the beam writing
directly.

A new 300 kV compact focused gaseous ion beam
(gas-FIB) system with three-stage acceleration lens was
constructed at JAEA. In the gas-FIB system, the ion is
accelerated and focused by rotationally symmetric
electrostatic lens without magnetic fields. Since the ion
moves in the vicinity of the optical axis (z axis) in the
cylindrical coordinates, the ion accordingly behaves in the
paraxial approximation described as following equation,
called as paraxial ray equation,

dr 1 dv dr 1 d%
Il A EF I .
dz> 2V dz dz 4v dz?
where V is the electric potential and then the focal length for
a pair of electrodes f is described as follows,
4L @

()

gob

where &, and &, are the kinetic energies of ion beam in
object and image sides and L is the distance between the
electrodes. The focal length does not change while the
kinetic energy ratio is constant, which was defined as the
ratio of Kinetic energy in object side to that in image side.

Therefore, the beam is focused to the same point as long as
keeping the ratio constant even if the kinetic energy is

r=0 @

f =

changed. This is the key point of gas-FIB to be expected
as a powerful tool for 3D fabrication. The penetration
depth can be changed continuously by adjusting voltages of
every electrode proportionally while proton beam is
irradiated to a sample.

The preliminary experiments of formation of the focused
gaseous ion beams were carried out to show the availability
of the gas-FIB system as a writing tool for 3D proton
lithography. Proton beam energy after the extraction stage
and after the first acceleration stage was fixed to 0.6 keV
and 2.5 keV, respectively. The beam energy after the
second acceleration stage was fixed to &, in eq. (2) as the
kinetic energy ratio was kept. The final beam energy after
third acceleration stage was changed around &g, for which
100 keV, 120 keV and 140 keV were selected to avoid
electric discharge which caused breakdown of measurement
devises. Beam diameter was determined using the
knife-edge method, in which the beam current was measured
by Faraday Cup, gradually cutting the beam by moving a
knife-edge.  Figure 1 shows the beam diameter as a
function of the kinetic energy ratio in the third acceleration
stage, (a) with the image side’s kinetic energy of around
100 keV, (b) around 120 keV, (c) around 140 keVV. Dotted
line fitted to plots in those three graphs showed that minimal
beam diameter was about 20 um (FWHM) at the kinetic
energy ratio of (a) 6.33, (b) 6.32 and (c) 6.30; in 0.5%
difference. A difference of 0.5% for the kinetic energy
ratio led to an expansion of only 4% for the beam size.
Therefore, it was experimentally proved that the focal point
was kept at the same position under changing the Kinetic
energy with keeping the kinetic energy ratio constant.
This characteristic of the gas-FIB is a good point to advance
the 3D proton lithography changing penetration depth in a
sample by varying the beam energy.
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Fig. 1 The beam diameter as a function of the kinetic energy ratio of image side to object side in the third acceleration
stage, (a) with the image side’s kinetic energy of around 100 keV, (b) around 120 keV, (c) around 140 keV.
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Research and Development of an Ultra-high-energy

Neutrino Detector Using Radar Reflection
in Rock Salt and Ice
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Berezinsky and Zatsepin predicted that ultra-high-energy
neutrinos (UHEv’s) would be produced at a collision of
UHE-cosmic ray with the cosmic-microwave-radiation

background in the universe".

In order to detect them we
have searched for and found a radio-wave-reflection effect
in rock salt and ice. A gigantic detector is needed for the
detection due to the expected ultra-low flux of about
1 km?2.d™.

a detection medium, a shower is generated. The energy of

‘When an UHEYv interacts with rock salt or ice as

the UHEv shower converts finally to thermal energy through
ionization processes. Consequently, the temperature rises
along the shower produced by the UHEv. The refractive
index rises as a function of the temperature. The irregularity
of the refractive index in the medium for radio waves causes
reflection. ~ This reflection effect combined with long
attenuation length of radio waves in rock salt and ice would
yield a new method to detect UHEV’s.

We report on a new experiment to measure power
reflection fraction and phase of reflected radio wave from a
dielectric medium which was irradiated by an electron beam
filled in a coaxial tube (WX-20D) with a diameter of 20 mm
and a length of 100 mm. We utilized a 2 MeV electron
beam produced by a Cockcroft-Walton accelerator located at
the Takasaki Advanced Radiation Research Institute of
Japan Atomic Energy Agency. The electron beam was
injected into an open end of the coaxial tube set in a dry-ice
cooling box. The coaxial tube was filled with rock salt
powder or ice. The temperature of salt powder or ice was
measured by a chromel-alumel thermocouple positioned 2
mm from the surface of the open end. The refractive
indices of rock salt powder and ice were measured by the
reflection method in the coaxial tube yielding 1.79+0.01 at
22 °Cand 1.76+0.01 at -60 °C, respectively.

The increase of the refractive index with respect to the
temperature gave rise to 435 MHz radio-wave reflection.
We observed the reflection effect including phase from ice
A model

calculation was done to confirm the cause of the radio wave

as well as rock salt as shown in Fig. 1.
reflection effect. We assumed that the temperature of the
ice from the open end to 10 mm inner the coaxial tube was
the same as the measured temperature at 2 mm from the
open end. The power reflection fraction was calculated
based on the telegrapher's equations and the result was in
agreement with the Real Time Spectrum Analyzer (RSA)
value within 50% during the irradiation and the shape was
similar to the temperature as a function of time?. We

calculated the power reflection fraction by the measured
phase shift plotted as points in Fig. 1. They are somewhat

scattered but coincide very well with the RSA data.
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g R E-07 60°C. Temperature{ (.05
LE - RSA 10 &
R 6.E-07 - Caleulationj (.05 3
Q 3 N [72)
'% 4.E-07 | N\ Phasc ¢ 101 é:i
= M 4 -0.15
g 2.E-07 1 o2
5 Electronbeath| -
&~ 0.E+00 : -0.25
-30 0 30 60 90 120 150
Time/s
Fig. 1 Power reflection fraction with respect to time.
During irradiation with the electron beam, the

temperature of the ice target increased from -60 °C to
-35 °C with time. The power reflection fraction
measured by the RSA is plotted as small closed circles
and increased from 0 to 8 x 10”7 with the temperature,
and is compared with a calculation plotted as points
utilyzing the phase. The phase obtained from by the
variable phase shifter decreased from 0° to -0.2°.

According to the coincidence of the reflection fraction
between the measurement and the calculation deduced from
the measured phase adding to the accordance to the model
calculation, we could understand the reflection mechanism.
A new radiation detector “Radar Chamber” is proposed not
only for detection of UHEV’s but also for applications using
various dielectric media where the refractive indices change
with temperature. It is not only for radiation detection but
also for other purposes using materials with inhomogeneous
refractive index in space and time. An important
application for human-body imaging could be investigated
at 10 MHz where the attenuation length is ~5 cm. The

good phase precision may afford a good position resolution.
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Radiation sterilization of pharmaceutical and biomedical
products, and irradiation of fresh and frozen foodstuffs are
achieved at low temperatures, often lower than 0 °C. For
instance, sterilization of frozen foods such as chicken and
shrimps, and bone graft prosthetic composite has been
conducted in foreign irradiation facilities. The absorbed
dose and temperature level of these radiation processing are
usually doses of a few several kGy to a few hundreds kGy
and mainly -80 to -20 °C (on the surface of frozen materials),
respectively. Various types of dosimeters are used for the
process control in the radiation processing. Among them,
polymethylmethacrylate (PMMA) dosimeters are mainly
used because of a wide measureable dose
easy-handling and available cost?. The effect of dose rate
and temperature during and after irradiation on the dose
response of PMMA dosimeters has been ever studied under
common atmospheric conditions at temperatures above 0 °C,
However, the dose
response under low temperature still has not been
well-studied under different irradiation conditions.

In this study, for application of clear PMMA dosimeters

range,

prevailing in most irradiation facilities.

to sterilization of food and biomedical materials, detailed
effect of temperature during irradiation was studied at useful
doses of 5, 10, 15, 25, 35 and 50 kGy, dose rate of
8.87 kGy/h, and at a temperature range of -73 to +21 °C.
The gamma-ray irradiation was carried out using a *Co
plaque source in dewar vessel packed with water (20 °C),
ice (0 °C), ice mixed with calcium chloride (-20 ~-30 °C) or
dry ice (-70 ~-80 °C). Clear PMMA dosimeter, Radix W
(Batch E), was tested in this study. Irradiation of 4
dosimeters to each dose at each temperature was
simultaneously done. Dose response is measured at 30 min
after irradiation, in terms of optical density at 320 nm
wavelength, and is expressed as net optical density per unit
thickness. ~ Optical density and thickness values are
measured using a SHIMADZU spectrophotometer model
UV-1700 and an ONO SOKKI micrometer model DG-825,
respectively.

The temperature dependence of dose response for Radix
W, in terms of the relative response as a function of the
temperature during irradiation is shown in Fig. 1. At doses
of 5, 10, 15, 25, 35 and 50 kGy, the dose response of Radix
W linearly increased from -73 to +21 °C with a coefficient
of approximately +0.21£0.04 %/°C, which agrees with the
data obtained in the previous study at temperature range of
-40~20 °C at 6 kGy?. These results are plotted such that
the relative dose for a dosimeter irradiated at 21 °C but

irradiated at some other temperature would have its apparent
dose reading from the dose response curve multiplied by the
coefficient (0.21 %/°C) in order to give the dose reading that
is corrected for the temperature dependence.

Dose response curves measured in dose range from 5 to
50 kGy under different irradiation temperatures of +21, +1,
-24 and -73 °C are shown in Fig. 2. The influence of
irradiation temperature gradually becomes significant for
higher doses. The coefficient of variation to show
scattering in the dose response values among 4 dosimeters to
each dose at each temperature during irradiation was
between 0.22% and 1.30%. These results suggest that
precise dose estimation of gamma-ray doses in the range of
5-50 kGy with careful use and proper calibration under
those in practical
applications can be achieved using Radix W dosimeter.

conditions almost equivalent to
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Fig. 2 Dose response curves of Radix W dosimeters at
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Analysis of Phase Bunching in AVF Cyclotron
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Phase bunching in the central region of a cyclotron has
been investigated in order to obtain a narrow beam phase
width necessary for a high quality beam. The paper reports
the condition of phase bunching evaluated by a simplified
geometric trajectory analysis " and its application to the
JAEA AVF cyclotron. Moreover, a result of a preliminary
measurement for phase bunching is indicated.

Phase bunching is generated by energy-gain modulation
produced in a rising-slope region of the acceleration voltage
waveform at the first acceleration gap. To evaluate the
condition of phase bunching, we devised a simplified
geometric trajectory analysis for the charged particles from
the first to the second acceleration gap. The phase
difference Aggr of incident particles from the reference
particle at the second acceleration gap is given by",

J1=R, sing,
JI=R, sin(¢, +A4,)

where / is the acceleration harmonic number, Ry is the ratio

Adgy = h-sin™ ~1{sin@, ¢, (1)

of the peak acceleration voltage in the cyclotron to the
extraction voltage of an ion source, & is the span angle from
the first to the second acceleration gap, Ag, is the phase
difference at the first acceleration gap from the reference
particle phase ¢ given by

¢ = _h[eﬁ" _%j > (2)
where 0 is the span angle of the dee electrode. In Eq. (1),
the phase bunching or de-bunching condition is determined
by the combination of four parameters: %, O, 6 and R).
Optimum values of & for phase bunching are limited by the
relationship between /4 and 6p, which is 90°/h+6p/2 < O <
180°/h+6p/2, and sinfr < 0. Optimum values of Ry in the
condition of phase bunching were between two and four,
if Ag, was within 40 RF degrees.

The conditions to generate phase bunching in the JAEA
AVF cyclotron with 6y = 86°, 0-=118° for =1 and 2, and
G- =78° for h =3 were calculated from Eq. (1). As a result,
Fig. 1 shows the correlation between A¢g, and the phase
difference at the second acceleration gap Agyg = A@,TAdrr
for A =1, 2 and 3 with R, = 2.5 in the cyclotron, respectively.
Phase bunching appears in the region |A¢g 4| < |Ad,|, and this
effect is maximized near the local minima of the curves in
the figure. Then, phase bunching is generated for # =2 and
3. For example, Ag, between —20 and20 RF degrees for
h=2 is narrowed to Agy,q of 8 RF degrees. However, the
case of #=1 is hardly generated because the slope of the
curve depending on location and width of Ag, is almost 1.

In order to experimentally confirm the actual relation
between A¢, and Agy,y as shown in Fig. 1, both the

---h=2
-50 e =3
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Difference of RF Phase at 2nd Gap 44, , (RF degrees)

Fig. 1 Relation between Ag, and Agy,q for A=1, 2 and 3
with R,=2.5 in the JAEA AVF cyclotron. When the
absolute value of the slope of the curve is smaller than 1,
phase bunching is generated.

measurement of the beam phase distribution in the cyclotron
and control of the initial beam phase are needed. Already
phase bunching for the #=2 in the JAEA AVF cyclotron
was confirmed by the estimation from both the simulation
and the measurement of the phase distribution of the
extracted beam from the cyclotron and the radial position of

the slits in the cyclotron?.

However, it has not been
observed directly because there is no method of the
measurement of the beam phase distribution in the cyclotron.
Therefore, the main-probe was improved by adding the
measurement system with a plastic scintillator>®. The
initial phase of the injected beam into the cyclotron was
controlled by adjusting the relative phase of the external
buncher in the injection beam line. By using both of the
main-probe and the external buncher, the beam phase
distributions of a 260 MeV **Ne’* (h = 2) with Ry = 2.5 was
measured for three initial phases of 0 and +18.9 RF degrees.
As a result, they were narrowed to £4 RF degrees or less,
and were consistent with the calculation result shown in
Fig. 1.
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Measurement of beam emittance of 3 MV single-ended
accelerator by emittance monitor with wire method

The emittance monitor for 3 MV Single-ended
Accelerator in TIARA is developed on the basis of
measuring beam currents by moving a thin Cu wire toward
crossing multi-ion beams passing through a multi-hole slit.
The emittance of 1 MeV proton beam was measured as a
performance test of the emittance monitor in the 2011

financial year".

The extraction voltage dependence of the
emittance of the ion source placed in the accelerator was
investigated in the 2012 financial year. The emittances
were measured by changing the extraction voltages at 7.8,
8.4, 8.8 and 10 kV in the experiments.

moved at the distance of 0.03125 mm par a step using a

The wire was

stepping motor from one side to the other side of the
multi-beam. The relation between the extraction voltage
and beam emittance is shown in Fig. 1. This figure shows
that the emittance at the extraction voltage of 8.4 kV was a
minimum value. The emittance was measured using SiO,
luminescence induced by ion beam in the previous work?.
the wire and the

The emittances measured using

luminescence indicated the almost same tendency.

Measurement of cluster ion beam current

A fullerene ion beam current is usually measured using a
high-aspect-ratio Faraday Cup (FC) because a bombardment
of a fullerene ion generates not only secondary electrons but
also secondary positive ions more than those of a
monoatomic ion. However, the size of the high-aspect-
ratio FC is too large to be installed in an existing beam
transport line. We have developed a compact FC that was
filled with needles on the bottom of the cup shown in Fig. 2,
which is expected to be equivalent for a high-aspect-ratio
FC. The aspect ratio which was calculated from the top of
the needle was 2.1. The ion beam current of Cg," ions at
100 keV generated by the 400 kV Ion Implanter was
measured using the compact FC, a high-aspect-ratio FC of
which aspect ratio is 15 and a conventional FC of which
The

measurement value using the conventional FC with an

aspect ratio is 2.1 to compare the effect of the needles.

electron suppressor was negative values because secondary
positive ions were extracted. In contrast, the measurement
value of the compact FC was equivalent with that of the
These results indicate that the

compact FC has an advantage to keep secondary ions from

high-aspect-ratio FC.

being extracted from the FC by comparing with the
conventional FC.

Investigation of a charge exchange gas for cluster ion
acceleration

We have investigated the charge exchange and
destruction mechanism on the MeV energy cluster ions
colliding with gas targets to select the suitable charge
exchange gas which has a small destruction cross section
(o4) and a large charge exchange cross section without
destruction (cp). In this financial year, the destruction
cross sections for 0.24vp - 0.34vy (vz: Borh velocity) gold
cluster ions Au, (n = 2, 3) with metallic bond in collisions
with a helium and a nitrogen gas targets were evaluated
from a beam transmission through the tandem accelerator.
As a result, it was revealed that there was no energy
dependence of the cross sections in the energy range studied,
whereas they depended on target gases and cluster sizes.
These tendencies of gold cluster ions are consist with those
of carbon cluster ions with covalent bond reported
previously".
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Fig. 1 The extraction voltage dependence of the emittance.
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Fig. 2 The schematic diagram of the compact FC.
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The fast single-ion hit system on the HX course of the
TIARA cyclotron® was continuously improved for higher
quality of microbeam and single-ion hit. A technique of
real-time detection of single-ion-hit position has been
realized and new microbeam of 320 MeV-’C was
developed using this technique.

A scintillator of CaF,:Eu of 0.5 mm as thick as ions
stopped in it was examined in fiscal 2011 and scintillations
were detected at a rate of several ions per second for
260 MeV-Ne. The scintillation detection system used in
the experiment consisted of an optical microscope with a
10-power object lens, a CCD and an image intensifier with
1 x 10° magnifications (photon gain). The system was
improved for higher sensitivity in fiscal 2012 by replacing
the CCD with a EMCCD (Electron Multiplying CCD) with
8 x 10° magnifications (full-well capacity) operated at
-25 °C and removing the image intensifier. The
improvement has enabled us to detect a scintillation from
CaF,:Eu induced by an ion of 260 MeV-*>Ne. Figure 1
shows a sample map of hit positions detected by the system
comparing with etch pits on CR-39 which was set beneath
the CaF,:Eu and hit by ions passing through it.  About 80%
of pit positions correspond to those of scintillations. The
scintillations away from the pits by several tens of microns
may be noises. The spatial resolution of the system was
estimated from the distribution of the displacement of
scintillation positions from the pits on an assumption that
the pits show the actual hit points. The distributions of the
displacement are shown in Fig. 2 and the resolution is 5 um
in x-direction and 11 um in y-direction by full width at half
maximum (FWHM).
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Fig. 1 Comparison of hit positions of 260 MeV-*’Ne ions
detected by the developed system (diamonds) and a
conventional method with CR-39 (squares).

The new microbeam development of 320 MeV-2C was
started in fiscal 2010. The difficulty in formation to a
microbeam arises from low intensity and low secondary
electron emission rate of 320 MeV-2C. Therefore, a usual
way to observe secondary electron image (SEM) of a copper
grid cannot be used to observe beam size for formation
tuning. The SEM images for 220 MeV and 320 MeV-*’C
beams are compared in Fig. 3. In the former, the intensity
of secondary electrons is high enough to recognize a shape
of the grid and tune to make the image clearer leads to a
smaller beam. In the latter, on the other hand, the grid
image is too faint with many noise signals no matter how the
beam size is small, and further tune is impossible. The
CaF,:Eu system was therefore employed to monitor the
beam shape at a rate of several ions per second, and 50 pm
X5 um beam was formed in fiscal 2011. The real-time
detection of single-ion-hit has realized forming a microbeam
of 320 MeV-"2C with a smaller size. A microbeam with a
size less than 10 umx 10 pum, which was estimated by the
method mentioned in the previous section, was formed.
The beam size is expected to be reduced further with finer
tune.
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Fig. 2 Displacement distributions of scintillation positions
from corresponding pit positions and their FWHM.
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Fig. 3 Copper grid images drawn from secondary electrons
by 220 MeV-2C (left) and 320 MeV-2C (right).
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Industrial Applications

N. Takahashi®, H. Murata®, H. Mitsubori®, T. Soga®, Y. Aoki®, J. Sakuraba®, T. Kato?,
N. Sakudo”, K. Yamada® and Y. Saitoh®

® Sumitomo Heavy Industries, Ltd.,
b) Kanazawa Institute of Technology,
© Department of Advanced Radiation Technology, TARRI, JAEA

A microwave ion source is one of the long-life ion sources, because it is filamentless.

We have been developing a

microwave ion source for industrial applications such as ion implantation and heavy ion radiotherapy. As a result of
evaluation of plasma density and ion current density, we have achieved more than 10%? cm™ of plasma density and
100 mA/cm? of ion current density with Ar gas. We report spectra determined for Ar plasma with various magnetic field
distributions and gas pressures, showing that almost all of produced ion was Ar* under our experimental conditions.
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Fig. 1 Spectra of ion with Ar gas for various magnetic flux
distributions shown in Fig. 2.
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Fig. 2 Calculated magnetic flux density distributions in the
plasma chamber.
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The LB line of the TIARA cyclotron has been
continuously improved for more efficient R&D studies and
utilization of uniform ion beams focused with multipole
magnets. A vacuum pipe of a circular cross section was
replaced with a pipe of a square larger cross section at the
quadrupole magnets TTQ2 for higher transport efficiency of
the beam with large emittance. A large turbo-molecular
pump (1,000 L/s) was additionally installed before the target
chamber.  Sufficiently high vacuum pressure can be
maintained in the LB line despite a target material that
contains gas plentifully.  With these improvements,
uniform beam irradiation of 10-MeV protons can be now
performed at a high fluence rate up to 2x 10" cms™, which
makes space solar cell testing more efficient. The effect
of the multipole force on the beam intensity distribution was
also studied in detail>®. In the followings, experimental
studies on the development of the beam intensity
distribution measurement system® and on the formation of
heavy-ion uniform beams are reported.

A beam intensity distribution measurement system,
which is composed of two CCD cameras, fluorescent
screens, and an image analysis program based on LabVIEW,
was developed for real-time tuning of a uniform beam using
multipole magnets. The characteristics of the system were
investigated.  Figure 1 shows the dependence of the
fluorescent intensity on the fluence rate of the 10-MeV
proton beam for DRZ-High (Mitsubishi Chemical) and
AF995R (Desmarquest). The fluorescent intensity grew
proportionally to the fluence rate of the beam at a low
fluence rate and then was saturated. A similar tendency
was observed for 520-MeV “°Ar beams although the
available fluence rate is about one order of magnitude lower
than that of 10-MeV protons. Using the linear response
region of the fluorescence, the relative intensity distributions
were measured and compared with the measurement result
using Gafchromic films. The response of the film to ion
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Fig. 1 Dependence of the fluorescent intensity on 10-MeV
proton irradiation for the two screens.

irradiation was also explored®”. It was found that the
optical density of the film linearly increased with the fluence
of the beam at a low fluence. We confirmed that these
distributions agreed well. The system is now applied to the
uniform-beam formation using multipole magnets.

The formation of a uniform intensity distribution was
investigated at the LB line for 150-MeV “°Ar beams. The
beam was first multiply-scattered using an aluminum foil of
1 pum thick in the first straight section after the cyclotron so
that the initial complicated intensity profile was smoothed
into a Gaussian-like profile. Then, the Ar beam was
focused by two octupole magnets under the beam optics that
suppresses horizontal-vertical coupling of the beam motion.
The on-target distribution of the beam is shown in Fig. 2.
The root-mean-square uniformity was 10% in the region of
7 cmx4 cm. A similar uniform distribution was obtained
also for 520-MeV Ar beams®. These uniform beams will
be applied to the creation of functional polymer membranes,
in which efficient ultra-low-fluence irradiation is required.
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Fig. 2 Relative transverse intensity distribution of the
150-MeV “Ar beam, measured using a Gafchromic
film HD-810.

- 162 -



JAEA-Review 2013-059

4-41

Response of Gafchromic Films to Energetic Ion Beams

Y. Yuri, T. Ishizaka, T. Yuyama, I. Ishibori and S. Okumura

Department of Advanced Radiation Technology, TARRI, JAEA

It is required to precisely evaluate the large-area
transverse intensity distribution of various ion beams
applied to materials and biological research at the TIARA
cyclotron. Gafchromic radiochromic films HD-810 and
EBT2 (Ashland Inc.) are, thus, employed as a possible
technique for measuring the beam intensity distribution.
The optical-density response of the films was investigated
for various ion beams'™. In this study, the film response is
further analyzed with absorbed dose through linear energy
transfer (LET) of the beam™.

The films were irradiated uniformly in a wide fluence
range with 10-MeV 'H, 520-MeV “°Ar, and 450-MeV '®Xe
beams from the cyclotron. The irradiated films were read
at a resolution of 127 dpi using general-purpose flat-bed
scanners to digitize them into TIFF-formatted images with
16-bit RGB color intensity values. The optical density dy
was determined from the 16-bit intensity value Iy in a color
channel X (red, green, or blue) by the equation:
dy=logo(2"-1/I).

According to previous experimental results, the response
curve of the films is strongly dependent on ion species as
well as on the film type;'™ the available linear-response
range moves to the lower-fluence region for heavier-ion
beams. This is probably due to the difference of the LET
in the active layer of the film. To see this dependence, the
particle fluence F is transformed into the dose D using the
following relation: D=c(LET/p)F where p is the density of
the active layer of the film and ¢ is a constant. The LETs
of the beams at each layer of the films can be determined
using SRIM code. For example, the average LETs in the
active layer (p=1.08 g/cm’®) of HD-810 are 5.0x 10°, 1.2x
10, and 1.1x 10* keV/um for the H, Ar, and Xe ion beams
in the present case, respectively.

The response curves for the three ion species are plotted
in Fig. 1 as a function of the average dose in the active layer
of HD-810.
partially overlapped with the manufacturer’s specifications
(10~400 Gy) of the film for all three ion species, the
dose-response curves shift the right for
heavier-ion beams and the film response seems still
dependent on ion species.

Although the linear-response dose range is

slightly to

In fact, the sensitivity of the
film, defined here as an increment of the optical density per
dose in the linear-response region, becomes lower for
heavier-ion beams. This might be because, for a heavy ion
with a higher LET, the local dose along the ion’s trajectory
is very high and the coloration in the microscopic region
becomes saturated; a large part of the deposited dose does
not contribute to the The reduced
sensitivity for a higher LET agrees well with a previous
study®.

film coloration.

As can be seen from Fig. 1, the response of the film is
always linear in a low-dose (low-fluence) region where the
optical density is well below unity. This feature gives us a
handy technique to measure the relative intensity
distribution of the beam directly from the optical density.
It has been confirmed, through repeated experiments, that
the present technique is useful for the measurement and
evaluation of the intensity distribution of a large-area
uniform beam formed with multipole magnets'™*®.
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Fig. 1 Response curves of the Gafchromic film HD-810
for three different ion beams as a function of the dose in
the active layer of the film. The LiDES50 (Canon) was
used for film scanning.
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Introduction

Single-ion hit for studies of microscopic irradiation
experiment is utilized with spatial accuracy of a few
micrometers by means of heavy ion microbeam of several
hundred MeV at the TIARA cyclotron. High spatial
accuracy for the real-time position detection of single-ion hit
is essential in irradiation experiments of biological cells. A
CR-39 plastic track detector is generally used as a position
detector of single-ion hit. The tracks formed on it after
chemical etching are observed by microscope.  This
procedure takes more than an hour and limits efficiency of
therefore strongly required, and various scintillators are
examined so far. It is taken notice of photostimulated
luminescence (PSL) of Al,Os:C in this study, which has
accurate dose sensitivity ranging from 0.1 uGyto10 Gy.
Photostimulable sample are possible to be prepared by
adjusting parameters such as the amount of implantation
density of activators by means of the TIARA ion implanter
and annealing condition.

The following two subjects were carried out in fiscal
2012. (1) Sample preparation of Al,Oz:Eu, which emit
strong luminescence by ion beam irradiation, to establish
preparation method for PSL sample. (2) Measurement of
Photoluminescence (PL) spectra of Al,O5:Eu.

Sample preparation

It is necessary to investigate how the luminescence
intensity of prepared Al,Os:Eu depends on ion implantation
depth, density, annealing temperature and time. The
optimal implantation depth (i.e. luminescence layer) and
density were found for preparing sample in fiscal 20117,
The optimal “implantation layer” is triple layers of 70, 50
and 35 nm corresponding to three different Eu-beam
energies, 350, 250 and 150 keV, respectively, and the
optimal implantation density is 1.0x 10 cm™.  Annealing
temperature and time were searched with the samples
prepared using those results.

Photoluminescence measurement

Measurement of photoluminescence (PL), of which the
intensity was correlated with that of PSL? was carried out to
find the optimal annealing temperature and time. A
continuous wave He-Cd laser at 325 nm was used as an
excitation light and the PL signal was detected by a high
sensitivity spectrometer based on cooled CCD in this
measurement.  First, the annealing temperature dependence
of the PL intensity was measured for an-hour-annealed
samples. The highest PL peak intensity was observed at

around 600 nm at 600 °C as shown in Fig. 1. Secondly,
annealing time dependence of the PL from this sample was
measured. The highest PL intensity was obtained from
0.5-hour-annealed sample (Fig. 2). It was found how the
four parameters depend on PL intensity of prepared sample
consequently.

This indicates PSL sample with high luminescence
intensity is possible to be prepared using the same method.
The prepared PSL sample is going to be used in the
irradiation experiment of single-ion hit in fiscal 2013.
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Fig. 1 Annealing temperature dependence of the PL
intensity of Al,O3:Eu annealed for an hour. The
highest is at 600 °C.
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Fig. 2 Annealing time dependence of the PL intensity of
Al,Oz:Eu annealed at 600 °C. The highest is for
0.5 hour.
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1. Introduction

Diamond is a promising candidate for radiation detectors
which are expected to have high charge collection efficiency
(CCE), good thermal stability, and excellent radiation
hardness.  Therefore, the response of single crystal
chemical vapor deposited (SC-CVD) diamond film made by
focused ionized particle irradiation was investigated in order
to evaluate the usage as a single ion hit detector for heavy
ion microbeam from azimuthally varying field (AVF)
cyclotron at the Takasaki Advanced Radiation Research
Institute, Japan Atomic Energy Agency.

2. Materials and Methods
A SC-CVD diamond film wafer (4.6 mm X 4.6 mm) with
thickness of approximately 50 pm were prepared by

Diamond Detectors Ltd. Prior to the microbeam irradiation,

the response to the charged particles were obtained as
spectrum with 2*'Am alpha-particle checking source.
Charge collection efficiency (CCE) was reached equal to
100% at bias voltage of £50 V. An energy resolution of
2% in a full width at half-maximum (FWHM) was sustained
in an energy spectrum of alpha-particles from **'Am with
the total fluence of 10° [particles/cmz].

The detector was then characterized by using an ion
beam-induced charge (IBIC) system with a 3 MeV H'
microbeam and a transient ion beam-induced -current
(TIBIC) system with a 15 MeV O* microbeam at both the
ion microbeam irradiation facilities of Rudjer Boskovic
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Institute (RBI) and TIARA. The ranges of these ions were
also calculated as 43 pm and 52 pum in diamond,
respectively. Beam current was controlled as 100 cps with
maximum scanning area of 800 um X 800 um. Three MeV
H" and 15 MeV O* microbeam probe was focused
approximately 1 um and 1.5 um, respectively.

3. Results and Discussion

The 15 MeV O*' microbeam irradiation on SC-CVD
diamond film caused pulse height degradation as shown in
Fig. 1. The irradiation was performed until a total fluence
of 10° [particles/cm?]. The significant and rapid decrease
in the pulse height of the IBIC signals was observed in a
range of 10% [particles/cm’], whereas the signal responded
satisfactorily to the alpha particles from **'Am radiation
source. However, the peak degradation was temporal and
quickly recovered by releasing the detector from the bias
voltages.  This degradation was significant in areas
damaged by previous ion irradiation. This degradation
seems to be caused by an accumulated irradiation effect
which can be explained by terms of polarization due to
charge capture by defects in the SC-CVD diamond.
Further analysis is in progress by using diamond films with
different impurity densities.

Reference
1) W. Kada et al., Trans. Mater. Res. Soc. Jpn. 38 (2013)
279.
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(Left) The decrease in the pulse height spectra of the IBIC signals with the increase in the total fluence,

(Right) IBIC spectra obtained at three different fluences.
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1. Introduction

Huge efforts are being made to fulfill increasing interests
of researchers in various field of science where precise
chemical state analysis of organic/inorganic targets is
desired for long time. Ion Luminescence (IL) analysis
using ion microbeam probe has a potential to visualize
distribution of specific chemical states in microscopic
targets, which were not able to be characterized with
conventional techniques. In this study, new IL analysis
system with proton microbeam probe was developed to
accomplish chemical state analysis and imaging of
microscopic targets. Microscopic optics for IL was newly

designed to obtain high resolution images and spectra.

2. Materials and Methods

Multi-wavelength optics for the spectroscopy of IL was
designed and developed at the external microbeam chamber
Whole IL optics
was placed on the symmetric coordination to the Si(Li)
X-ray detector.
introducing IL photons into a UV-Vis spectrometer (Spectra
Corp Solid Lambda CCD). First, spectroscopy of IL was
performed using high-efficiency gratings with the resolution
of 0.8 nm at the effective wavelength ranging from 200 to
980 nm. IL is then detected by -electrically-cooled
back-thinned CCD sensor array (Hamamatsu Photonics
S7031-1006) with high signal-to-noise ratio 10,000:1 for
each photon signals. Thermal stability of the CCD sensor
array was also improved by using peltier-cooler during
measurements. Another photon-detector (photomultiplier
head, Hamamatsu Photonics H10682-210) was used to
obtain IL images by scanning microbeam. Output signals

of the 3 MV single-ended accelerator.

Spectroscopy of IL was enabled by

were processed with the same signal processing procedure
of in-air micro PIXE analysis.

probe: 3 MeV H', 100 pA

Cr’* 689 nm
I target: ALO,:Cr '

Photon Intensity [a.u.]

Wavelength A[nm]

Fig. 1

3. Results and Discussion

Figure 1 show an example and its expanded image of IL
spectrum obtained from Al,O;. Luminescent center of
chromium, impurity in host crystal,
distinguished from surroundings with resolution better than

was clearly
5nm. High-speed measurement enables us to obtain single
IL spectrum in several milliseconds.

Database of IL was also prepared using particulate
samples with known elemental and chemical states V.
Particulate minerals were irradiated with a 3 MeV H' beam
with a typical beam current of approximately 100 pA.
Peak wavelengths of IL for specific inorganic (Table 1) or
organic materials were gathered for the utilization of
microscopic spectroscopy of IL. Further developments
including improvements in optical throughput and detection
efficiencies of IL are ongoing for the actual utilization of
this IL analysis system for chemical state analysis in
microscopic targets.

Reference
1) W.Kadaetal,, Int. J. PIXE, 22 (2012) 21-27.

Table 1 Examples of IL peak wavelength of crystalline targets.
Chemical compounds Wavelength
SiO, 460 nm
SiO,:Fe, Fe™* 695 nm
CaSiO; 556 nm
CaMgSiO, 525 nm
CaCO; 560 nm
ALO;:Cr, Cr* 689 nm

g Cr 689 nm

Photon Intensity [a.u.]

675 685 695 705 715 725
Wavelength A[nm]

Example (left)and its expanded image (right) of IL spectrum obtained from particulate targets of aluminum oxide.

A sharp peak of chromium (Cr**, 689 nm) was well obtained.
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Understanding the interaction of a cluster/molecular ion
with a material such as a solid or a gas target contributes to
the underlying studies not only on the atomic-molecular
physics and the surface modification science but also on the
formation of protostar and the origin of life. The cluster
ion penetrating the material scarcely loses more than two
outer electrons by the collision with target atoms when it is
dissociated and spreads the interatomic distance between the
Such

behavior of the cluster ions, which is called as a Coulomb

constituent ions due to the Coulomb repulsion force.

explosion, is one of most significant processes in the
In this
report, a part of the Coulomb explosion process is presented;

interaction between cluster ions and the material.

it was obtained by analyzing the angular distributions of the
constituent ions resulting from the dissociation of C," ions
by the collision with an atom in the gas target.

A schematic drawing of the experimental setup is shown
in Fig. 1. The intensity of the collimated pulsed beam of
6-MeV C," ions from 3-MV tandem accelerator of TIARA is
adjusted so as to penetrate through an Ar gas target at the
rate of a few ions per second. The Ar gas jet synchronized
to the pulsed beam is discharged from the skimmer (1 mm X
3 mm) at a 9-Hz repetition rate. According to the density
of the gas in the collision area, the collision frequency of the
incident ions with target atoms is estimated to be about 1
time. The constituent ions resulting from gas-induced
dissociation are deflected to the vertical direction in
accordance with their charges by the electric field of the
deflection plats located behind the gas target.
deflected

micro-channel plate equipped with a phosphor screen are

The spatial
arrangements of the ions detected with a
stored as image data on an event-by-event basis.

A divergence angular distribution obtained from the
spatial arrangements of the pairs of constituent ions in
charge states 1+, is plotted as the solid square symbols in
Fig. 2.
for the diatomic molecule has a peak as shown in Fig. 2; the

In terms of the geometry, the angular distribution

divergence angle configuring the peak is derived from the
molecule of which the molecular orientation at the instant of
dissociation has been perpendicular to the beam axis.
Moreover, the divergence angle of the peak depends on the
interatomic distance at the instant of dissociation. The
angular distributions shown as histogram in the same figure
was calculated with a particle trajectory simulation taking
into account the molecular vibration; the solid and dotted
line were obtained using the different distributions of
interatomic distance at the instant of dissociation, shown as
solid and dotted line in Fig. 3, respectively. Here, the
distribution of interatomic distance indicated as dotted line

in Fig. 3 was acquired via the foil-transmission experiments
for 6-MeV C," ions”. On the other hand, by assuming the
solid line in Fig. 3, the calculated distribution of the
divergence  angle relatively  well-reproduced  the
This

result will enable us to describe more concretely the process

experimental result (shown as solid square in Fig 1).

leading to the dissociation from several excited electronic
states of C," ions caused by the collision with an atom.

Reference
1) A. Chiba, et al., Nucl. Instrum. Meth. Phys. Res. B 269
(2011) 824.
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Fig. 1 Schematic drawing of experimental setup.
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Fig. 2 Divergence angular distributions of constituent
ions for 6-MeV C," ions passing through the Ar gas
target.  Experimental and calculation results are
indicated as the solid square symbols and histograms,
respectively (see text).
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Fig. 3 Distributions of the interatomic distance at the
instant of dissociation for C, ions. They were used as
the initial condition for the trajectory simulations.
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The interaction of swift cluster ions with matter has been
studied for these ten years, because it is strongly interesting
that cluster ions bombard a very small area of a solid surface
with many energetic atoms simultaneously and release large
energy in the time range around pico-second. These
situations cause non-linear effects or synergetic effects,
which are not normally caused by a single atom collision
with solid targets.

Our purpose of this study is
characteristics of the interaction between energetic cluster
ions and solids by means of measuring luminescence from
solid surfaces irradiated with cluster ions. We report some
results of luminescence measurement from sapphire target
irradiated with carbon cluster ions.

to elucidate the

Luminescent spectra from sapphire (a-Al,O3) induced by
0.5~2.0 MeV/atom (42~168 keV/u) C,"~Cg" ion irradiation
were measured in the wavelength range of 250-800 nm at
room temperature. Cluster ion beams accelerated by the
TIARA 3 MV tandem accelerator were used for this study.
Beam intensities were typically 2.5 nA for C," and 50 pA for
Cs' ions at 0.5 MeV/atom. The luminescence measurement
has been carried out by using an optical multichannel
analyzer (Hamamatsu Photonics PMA11). Cluster ion size
and energy dependences of incident cluster ion beams on
luminescence yield have been measured. Two peaks
around 326 and 411 nm were observed in ion induced
luminescent spectra.  Luminescence of 326 nm was
identified as F* center, whose intensity grew up and decayed
gradually with irradiation. Luminescence of 411 nm was F
center, whose intensity grew up rapidly and decayed faster
than F* center luminescence in time resolved observation'.
Intensities of luminescence reached peaks with less fluence
as the cluster size increased.

The incident cluster ion size dependence on the yield of
the F' center luminescence from sapphire target with
different incident energies is shown in Fig. 1. In this study
the maximum intensity of luminescence was set as the
luminescence yield, since the intensity of luminescence
depended on the ion fluence. Each yield was compare to
the yield for C,"ion irradiation. Ratios R, of luminescence
yields from sapphire target irradiated with 0.5, 1.0, 1.5 and
2.0 MeV/atom C, ~Cy" incident cluster ions to that for C;"
ion are described as R,= I(n) /nl(1), where n is number of
cluster ion, I(n) is the yield for C," cluster ion and /(1) is the
yield for C,"ion. The luminescence yields increase as the
cluster sizes increase for every incident energy, but the ratios
R, become almost less than unity. The ratio ‘unity’ means
that the yield increases linearly as the cluster size increases.

This non-linearity also appears in the theoretical calculation

of the stopping power (S=-dFE/dx) for the united atom limit

of cluster ions®. The ratio R, of stopping power of cluster

ion to that of single atom ion describes as R,= S(n) / nS(1).
R,=n ((1-exp(-v/(nZ,)**vo)/ (1-exp(-vIZ,**vy))?,

where v is the velocity of the projectile, vy is the Bohr
velocity and Z, is the nuclear charge of the projectile. This
value is independent to kinds of targets and depends on
incident velocity only, if Z; will be fixed.

Though there is the difference between the values of the
experimental data and that of the calculation data of
stopping power for the united atom of the cluster ions, the
tendency of experimental data resembles that of the
calculated one.

This suggests that luminescence caused by irradiation
defects directly relates the stopping power of incident cluster
ion.
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Fig. 1 The ratios of yields of luminescence from F* center
of sapphire target irradiated with 0.5~2.0 MeV/atom
C,'~Cg" projectiles to that for C," ions in each energy
indicate with continuous lines. Dashed and dotted lines
show the theoretical stopping power calculation for the
united atom of projectile.
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Cluster-ion-solid interaction has attracted attention in that
the irradiation effects are different from those expected in
single-ion irradiation. The so-called cluster effects have
been found in the average charge®, energy-loss?, and
secondary electron emission 2 under MeV/atom carbon
cluster impacts. In order to show a basic quantity in the
cluster-solid interaction, we present the electronic stopping
power of Aluminum and Silicone for swift carbon clusters
together with the reductive effect in the cluster average
charge®?.

This theoretical research is composed of estimating the
reduced average charges of constituent ions in a cluster and
evaluating the electronic stopping power for a cluster, using
the reduced average charges. The theoretical basis is to
describe the incident cluster as an ensemble of partially
stripped ions, where their charges are determined by the
self-consistent cluster average-charge theory, and their

spatial charge distribution is described in a statistical manner.

The excitation of target electrons is treated in the dielectric
formalism for an electron gas model. The dynamical
responses of the conduction and shell electrons are treated
with Lindhard dielectric function and the dielectric function
in the wave-packet model, respectively?. The sum of
those two contribution yields the stopping of the material.
Figures 1 and 2 show the electronic stopping power ratio,
S(n)/nS(1), of Al and Si target, respectively, for a carbon
cluster Cn ion having a linear-chain structure with equal
separation of 2.4 a, (ayisthe Bohr radius) to that for a C ion
with an equivalent speed, as a function of ion speed in units
of the Bohr speed v,. The solid line, the dotted line, the
dot-dash line, dot-dot-dash line, and the dashed line refer to
n=2, 3, 4, 6, and 10, respectively. Here the so-called Rs
values are assumed to be 2.070 for Al with three conduction
electrons per atom, and 2.006 for Si with four conduction
electrons, respectively. Regarding the inner-shell electrons,
i.e.,, 1s, 2s and 2p electrons, the characteristic parameters
were listed in ref. 4. In both figures, at a glance, one finds
that S(n)/nS(1) represents a remarkable super-linear
dependence for each target over a wide range of speed. In
the low speed region, on the other hand, the stopping power
ratio shows the sub-linear dependence with increasing the
number of constituent atoms in a cluster. In addition, the
stopping ratio has a plateau up to v/vy=5 and a rapid increase
when the speed exceeds this value.  This tendency,
common to Al and Si targets, is attributed to excitation of
the inner-shell electrons and a strong charge correlation in a
moving cluster, regardless of linear-chain structure or ring
structure. A plateau is not seen in carbon target. As for

the difference of S(n)/nS(1) between linear- and
ring-structure, we reported recently in ref. 5. Finally we
are grateful for useful discussion of project members in
collaboration.
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Fig. 1 Electronic stopping-power ratio of Al for a Cn
cluster ion to that for a C ion cluster: solid line (n=2),
dotted line (n=3), dot-dash line (n=4), dot-dot-dash line
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Fig. 2 Electronic stopping-power ratio of Si for a Cn
cluster ion to that for a C ion cluster: solid line (n=2),
dotted line (n=3), dot-dash line (n=4), dot-dot-dash line
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Secondary ions (SIs) are ejected from the surface when
the primary ions bombard the target. Cluster ion impact on
a target produces different SI emission yields compared with
those for monoatomic ions because of their peculiar
irradiation effects caused by simultaneous energy transfer
from the constituent atoms of the cluster to a small area of
the target surface. In this paper, we report comparison of
Sl emission vyields from a Poly(methyl methacrylate)
(PMMA) thin film target for incident ion impacts of lower
energy monoatomic heavy ions (30 keV Bi*) and Cg, cluster
ions by time-of-flight (TOF) SI mass analysis combined
with Sl electric current measurements. Bi ions with lower
incident energy (several tenth keV) are widely used as
primary ions of commercial SI mass spectroscopes.

The PMMA thin-film target was produced by spin
coating an dichlorobenzene solution of PMMA (Wako Pure
Chemical Industries, Ltd.) on a silicon wafer. Sl emission
yield measurements for PMMA were performed using a
TOF mass analyzer combined with pulsed ion beams
produced by a 400 kV ion implanter of the Japan Atomic
Energy Agency (JAEA)/Takasaki ¥, which has been
described elsewhere?. Cluster ion impacts on organic
compounds are expected to give a relatively high total SI
yield per impact because, in addition to the enhanced SI
yield per incident atom, the number of incident atoms per
impact for a cluster ion is cluster number times higher
relative to that for the corresponding monoatomic ion?.
We used a Sl counting system that can accurately obtain
TOF SI mass spectra even when many Sls are detected for
one pulse. For quantitative comparison of Sl emission
yields per incident ion impact, peak intensities of the TOF
spectra were plotted by scaling the total count of each
spectrum based on qlJ/l, (g: incident ion charge number, I,:
incident beam electric current, Is: positive Sl current for
each irradiation condition), respectively. |, and I were
measured by highly sensitive electrometers, respectively,
connected to a Faraday cup and a movable metal plate with
a grid.

Figure 1 shows the positive SI TOF spectra from m/z
(mass to charge ratio) = 55 to 75 of PMMA for (a) 30 keV
Bi* and (b) 30 keV Cg', respectively. The relative
intensity on the vertical axis is proportional to the Sl yield
per incident ion impact, as the total counts of the spectra are
scaled based on Ip/lo as described above. The major peaks
at m/z=59 and m/z=69 in the figure can be attributed to
C,H;0," and C,HsO", respectively. The SI yields of the
peaks for 30 keV Cg" are much higher than those for

30 keV Bi*, showing that the Cg, impact provides the Sls
more effectively than the impact of heavy monoatomic Bi
with the same incident energy.

The Sl yields are influenced by energy transfer processes
and their deposited energy densities around the
impact-points.  In the previous paper, we reported that the
Sl yields for Cg, impacts increase with increasing incident
energy and that the electronic process may dominantly
contribute to the SI yields®. In the present study, both the
densities of the energies transferred to the target surface by
the nuclear and electronic processes are higher for the Cg
impact than those for the Bi impact.  Although the detailed
mechanism for the higher Sl yields for Cg, than that for Bi is
currently unclear, the higher electronic energy density for
the Cg' impact than that for the Bi* impacts may
dominantly contribute to this mechanism in an analogy of
the previous results.
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Fig. 1 Positive secondary ion TOF spectra of PMMA for
(a) 30 keV Bi*, and (b) 30 keV Cg". Peaks at m/z=59
and 69 are attributed to C,H;0," and C,HsO",
respectively.
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Secondary-electron (SE) emission from a solid surface
bombarded with fast charged particles is a very fundamental
phenomenon and has been studied extensively for a long
time; however, it is not still understood completely.
Vicinage effect on the SE emission induced by swift
molecular/cluster ions is one of the unresolved problems®?2.
The previous reports including ours®® have suggested that
the transport process of scattered electrons in a solid in the
three-step model® plays an important role in the effect as
well as the production process. In the present report, we
demonstrate our internuclear-analysis of the effect on the SE
emission induced by bombardment with H," and C," ions in
the same velocity region.

62.5-250-keV/u H," and C," ions available at TIARA
were incident on self-supporting amorphous carbon foils of
2-100 pg/cm? thickness, which were tilted by 45" to the
beam axis. SE’s emitted in the forward and backward
directions from a carbon foil were detected with two
microchannel-plate (MCP) detectors placed at the both sides
of the target holder in parallel with the foil. Projectiles
transmitted through the foil were detected with a solid-state
detector (SSD) placed at the backside of the target holder on
the beam axis, which made it possible to measure the energy
and the number of the transmitted particles. The signal
from each detector was stored in a PC in list mode. In
order to evaluate the vicinage effect correctly, only MCP
signals coinciding with the two-hydrogen or carbon signals
were selected, and the pulse-height distributions of MCP
were measured. The forward and backward SE yields per
incident projectile were determined from the pulse-heights
of the forward and backward MCP signals, respectively,
which were proportional to the number of detected SE’s.

In this report, only the measurement for the forward SE
emission is discussed. The vicinage effect was evaluated
with the ratio of the forward SE yields R, =v,/2y;, where y,
and vy, are SE yields induced by bombardment with diatomic
and monatomic ions with the same velocity, respectively.
As shown in Fig. 1, enhancement and suppression of SE
emission have been observed for H," ions and C," ions,
respectively. It should be noted that change of R, at the
smaller internuclear distances than ~1 nm depends on the
velocity; at the larger internuclear distances than ~1 nm, on
the other hand, R, is almost constant and still not the unity.
The former indicates that the change of R, could be
attributed to the production process, because the vicinage
effect on the energy loss, which determines the number of
scattered electrons approximately, in this velocity region
diminishes at the smaller internuclear distance than ~1 nm.
The latter indicates the transport process is dominating at
the larger internuclear distances where the vicinage effect on

the energy loss diminishes. We can conclude from the
present internuclear-distance analysis that the vicinage effect
on SE vyield consists of two contributions, one in the
production process and the other in the transport process.
The effect in the production process is due to the effect on
the energy-loss process of the projectile; on the other hand,
the physical mechanism of the vicinage effect in the
transport process is still an open question.

This work was supported in part by a Grant-in-Aid for
Scientific Research (C) No. 22560833 from JSPS.
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Fig. 1 Dependences of the ratio of the forward SE yields
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simple trajectory calculation after the dissociation in the
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We apply the capillary beam-focusing method for the Cg
fullerene projectiles in the velocity range 0.14-0.2 au. We
studied the Cg, transmission properties through a capillary,
and measured the transmitted particle composition by using
the electrostatic deflection method combined with the MCP
imaging technique. The main transmission component was
found to be primary Cgy beams that are focused in the area
equal to the capillary outlet diameter. We found that the
Cgo transmission fraction is considerably high in the present
velocity range.

The experiment was performed at TIARA. Projectile
beams of 360 keV Cg®" (q = 1, 2) and 720 keV Cgy®" ions
were collimated by two sets of slits and then transmitted
through a capillary mounted on a high precision goniometer.
We employed a borosilicate glass capillary with an outlet
diameter of 5.5 um. The capillary taper angle in the exit
region was 0.1° or less. To analyze the outgoing ion
species after passing through capillaries, the transmitted
particles were deflected by an electric field. The deflected
particles were detected by a rectangular (MCP) with a
phosphor screen.  The two-dimensional image spectra were
recorded with a CMOS camera.

In Fig. 1 we present two-dimensional histogram (image
spectra) of transmitted particle components. The y-axis
projections are shown together on the left panel which
indicates mass-to-charge distributions of transmitted
particles. The electric field was applied in the downward
direction in the image spectra. The spectra denoted by
“total” shown in Figs. 1 (a) and (c) correspond to the data
for all of the luminescence intensity signals from the MCP
imaging detector. The spectra consist of the Cgy primary
ions (main components), charged fullerene-like fragments
Ceo-2m caused by successive C, emission (in the down part of
the Cgo peak), and neutrals. The beam spot size of Cg
primary ions is almost the same as the capillary outlet
diameter. As seen in Fig. 1 (c), the same features were
observed for 720 keV Cg?* projectiles with higher charge
state at higher energy. Figures 1 (b) and (d) show image
spectra only for detection of Cg and fullerene-like Cgg.om
particles. In this measurement, we selected the signals of
high luminescence intensity from the MCP detector.
Relative peak intensity of primary Cg, ions (or direct
transmission fraction) are 92% and 84% for projectiles of
360 keV Cg' ions and 720 keV Cg?* ions, respectively.
This comparison indicates that the transmission fraction of

Department of
)National Institute of Advanced Industrial Science

Department of Nuclear Engineering, Kyoto University

primary ions increases with decreasing the incident energy
or projectile velocity. In comparison between “total”
(Fig. 1 (a) and (c)) and “high luminosity” image spectra
(Fig. 1 (b) and (d)), spot profiles for neutral particles are
completely different.  This difference is due to the
contribution of small-sized neutral fragments. We also
performed measurements of charged small fragments C,*
(n=1,2,3,...) arising from the Cg, multifragmentation by
applying a weak electric field to the deflection plates.
Such fragment ions cannot be observed within the
experimental uncertainties.

The present results suggest that the capillary
beam-focusing method is applicable for large molecular
particles like a Cgo fullerene. The application will lead to
the development of new techniques for materials component
analysis at the micro-scales, such as molecular mapping by
secondary ion mass spectrometry (SIMS).
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Fig. 1 Transmitted particle spectra measured with the MCP
imaging detector for 360 keV Cg" (upper) and 720 keV
Ceo®" (lower) passing through a capillary of 5.5 pm
diameter. Inthe X and Y axes, one pixel is 0.127 mm.
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When an energetic ion passes through a material, an ion
track may be produced along the ion path if the electronic
stopping power S, is larger than a material dependent
threshold value Y.  Although there are a number of studies
on the ion tracks produced in crystalline materials using
transmission electron microscopy (TEM), there are only a
limited number of TEM studies on the ion tracks in
amorphous materials due to a lack of sufficient contrast.
In this report, the ion tracks in amorphous SisN, films
irradiated with 120-720 keV Cgo™2* ions were observed with
TEM and high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). The
radial density distribution of the ion track was derived from
the observed HAADF-STEM images.

Self-supporting amorphous SisN, (a-SizN,) films of
thickness 20 nm were purchased from Silson Ltd, which
were prepared by chemical vapor deposition on Si wafers.
The a-Si3N, films were irradiated with 120-720 keV Cg* 2
ions from the 400-kV ion implanter of TIARA to fluences
1-5 x 10* ions/cm?  After the ion irradiation, TEM and
HAADF-STEM observations were performed using a JEOL
JEM-2200FS equipped with a field-emission gun operating
at 200 kV.

Figure 1 shows an example of the observed
HAADF-STEM image for a-Si3N, irradiated with 720-keV
Ceo?* ions. There are dark circular structures of almost
uniform diameter of ~4 nm. The number of these
structures agrees with the fluence of the Cg?* ions,
indicating that single Cq,2* impacts create individual circular

Fig. 1 HAADF-STEM image of an a-SizN, film irradiated
with 720-keV Cg?* ions to a fluence of ~2 x
10™ ions/cm?.

structures. The radial density profiles of the ion tracks
were derived from the observed HAADF-STEM images.

Figure 2 shows the obtained profiles for 360-keV,
540-keV and 720-keV Cq2* impacts. The density is about
80% of the bulk density at the track center and increases
with increasing distance r from the center. The
low-density core is surrounded by a high-density shell of
which the density is 1-2% larger than the bulk density.
For comparison, radial density profiles of ion tracks in
a-SiO, calculated by MD simulation at various electronic
stopping powers? are also shown by short dashed lines.
Although the material is different, the characteristic features
(low-density core and surrounding high-density shell) are
similar to the present observation. The observed stopping
power dependence, however, is very different from the
simulation. The observed profile changes only slightly
when S, changes from 6.8 (for 360-keV Cg, ions) to
9.6 keV/nm (for 720-keV Cgy ions) while the simulated
profile changes significantly when S, changes from 7.2 to
10.8 keV/nm. Considering that the total stopping of Cg
ion is almost constant in this energy region (360-720 keV),
the present result indicates that not only the electronic
stopping power but also the nuclear stopping power plays an
important role in the ion-track formation.
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Fig. 2 Radial density profiles of the ion track obtained
from the observed HAADF-STEM images of a-SisN,
films irradiated with 360-keV (dot-dashed line),
540-keV (dashed line) and 720-keV Cg?* ions
(solid line).
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Utilization Status at TTARA Facility
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1. Utilization Status

The shift of cyclotron utilization time assigned to the
respective research fields is shown in Fig. 1. For recent 10
years, utilization time of cyclotron gradually decreased
about 300 h from 2,500 h to 2,200 h. In FY (Fiscal year)
2012, this time was 2,243.5 hours. The biggest part of
utilized scientific field was “Medical and Biotechnological
application”, occupied 26% of whole utilization. The
second largest part of “Basic technology” was 23%, and the
ratio of “Outside utilization (common use)” was 17%.
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Fig. 1 ~ Shift of cyclotron utilization time for recent 10 years.

In case of three electrostatic accelerators, the shift of total
utilization time assigned to the respective research fields is
also shown in Fig. 2. On the Contrary, this time slowly
increased up to 480-490 days from 460 days during last 10
In FY 2012, this time attained to 490 days. The
largest scientific field of “Basic technology” occupied about
a half, besides the ratio of “Outside utilization* was 8.2%.

years.
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Fig. 2 Shift of total utilization time in three electrostatic
accelerators during recent 10 years.

It seems that the influence induced by the huge
earthquake and the severe accident of nuclear power station
somewhat appears at FY 2011 as seen in Figs. 1 and 2.

Typical trend for last decade between the number of entire
research visitors and research subjects applied to TIARA
facility is shown in Fig. 3.  After the visitors reached once at
1405 persons of maximum value in FY 2005, they rather
rapidly decreased to about 800 ones. The main reason of
this reduction has been thought that the support for user’s
travel fee was cut off completely in FY 2006. The number
of research visitors and research subjects in FY 2012 was
840 and 128, respectively. Present situation may be seen at

normal condition in consideration of recent tendency.
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Fig. 3 Relationship between the number of research visitors
and research subjects at TIARA facility.

Furthermore, twelve of total 128 research subjects included
in research issues related to fatal accident at Fukushima
Daiichi nuclear power station. These typical issues were as
follows; remote robot system operated under extreme
environment into high radiation and temperature, cadmium
and cesium transition to human body from contaminated soil,
radiation degradation of cesium adsorbent, rice breeding
functioned with low cesium absorption, and so on.

In regard to the utilization form, both constructed ratios of
JAEA internal and joint research use showed unexpectedly the
same values which are about 41% in case of cyclotron and
about 35% for electrostatic accelerators, respectively.

2. The others

Seventh Takasaki Advanced Radiation Research
Symposium was held successfully on 11th to 12th in
October, 2012 at Takasaki City Gallery. The number of
presentations for oral and poster sessions was 19 and 142,
respectively. Participants to this symposium were 526,
which increased 66 persons in comparison with last meeting.

In addition, the JAEA Takasaki annual report 2011
summarized research results and activities at Takasaki
Advanced Radiation Research Institute was also issued.
This report contained 158 papers consists of 209 pages
including 37 coloured sheets, and was printed as 600 books.
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Operation

The AVF cyclotron was smoothly operated in fiscal 2012.

For comparison, it includes the data in fiscal 2011. The
cumulative operation time was 69,092.3 hours and the total
number of experiments was 9,788 from the first beam
extraction in 1991 to March 2013.

Table 1 shows the statistics of the cyclotron operation of
fiscal 2012. The total operation time amounted to
3,175.6 hours, and monthly operation times are shown in
Fig. 1. The percentages of operation time of the year used
for regular experiments, facility use program, the promotion
of shared use program®, beam tuning, and beam development
are 64.1%, 11.5%, 22.5%, and 2.0%, respectively. There
was no cancellation of the experiments, which was caused
by the machine troubles of the year.

Table 1  Statistics for cyclotron operation.

2011 2012

Beam service time 2343.6 h 2398.5h
Machine tuning 669.9 h 7149 h
Beam development 24.9h 62.2 h
Total operation time 3038.4 h 3175.6 h
Change of particle and/or energy 223 times 225 times
Change of beam course 274 times 273 times
Change of harmonic number 69 times 72 times
The number of experiments 522 547
Experiment cancelled due to machine trouble 0 0

Table 2 shows the operation time of the multi-cusp ion
source for H" and D" production and two ECR ion sources
for heavier ions. The ECR ion sources are used
alternatively. The Operation time of the OCTOPUS ion
source and multi-cusp ion source decreased and, the
operation time of the HYPERNANOGAN ion source
increased compared to fiscal 2011. Fractional distribution
of major ions used for experiments is shown in Fig. 2.
Compared to usual, the ratio of H * experiments decreased.
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Fig. 1 Monthly operation time in fiscal 2012.

Table 2 Operation times of ion sources.

lon source Operation time [Operation time
2011 (h) 2012 (h)
Multi-cusp 957.2 821.3
ECR (OCTOPUS) 1249.2 1170.4
ECR(HYPERNANOGAN) 1278.7 1833.9
Others
0.9%

LI7A
U.?':n_He
6.1%

Fig. 2 lon species used for experiments in fiscal 2012.

Maintenance

The regular yearly overhaul and maintenance were
carried out. The major items were as follows:
1) Exchange of vacuum-tubes of the main amplifiers and
contact-fingers for the outer tubes of the RF system,
2) Replacement of the cryogenic pumps in the cyclotron
system, 3) Exchange of cooling fans for power supplies,
4) Inspection of the beam scanner power supplies and the
radiation shield doors, 5) Routine maintenance of the power
supplies, 6) Additional installation of the power supply for
analyzing electromagnet in the injection system, 7) Fix of
water leak from front baffle slit at the magnetic channel,
8) Repainting of the floor in the power supply room and the
radiation shield doors.

Technical Development

New beam acceleration tests were carried out for
505 MeV Ru??*and 40 MeV *He?*. They are ready for
use in experiments.

The condition of phase bunching is evaluated by a
simplified geometric trajectory analysis, and was applied to
the AVF cyclotron. A preliminary measurement for phase
bunching was executed. In order to increase the
transmission for uniform irradiation with heavy-ion beams in
the LB course, a vacuum pipe with a large square section
was installed. In the acceptance measurement system
development, a circuit switching unit for the IST1 steering
magnet was installed to select the power supplies. The
detail is described elsewhere in this annual report.
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Operation of Electrostatic Accelerators

S. Uno”, A. Chiba?, K. Yamada®™, A. Yokoyama®, A. Usui®, Y. Saitoh”, Y. Ishii®,
T. Satoha), T. Ohkuboa), T. Naraa), T. Kitanob), T. Taka amab), S. Kanaib),
T. Orimob), Y. Aoki” and N. Yamada®

a)Department of Advanced Radiation Technology, TARRI, JAEA,
®Beam Operation Service, Co., Ltd.

1. Operations and Status

Three electrostatic accelerators at TTARA were operated
on schedule in fiscal year 2012 except changing its schedule
by cancellations of users. The yearly operation time of the
3 MV tandem accelerator, the 400 kV ion implanter and the
3 MV single-ended accelerator were 2,073, 1,847 and
2,389 hours, respectively, in the same levels as the ordinary
one. The tandem accelerator had no trouble, whereas the
ion implanter and the single-ended accelerator stopped by
any troubles for one day and four days, respectively. These
lost days were compensated by operational extra days of
The
accumulated operation time of these accelerators had been
achieved at 38,671, 34,305 and 44,064 hours, since the
operations were started. The monthly operation time of
The
operation time in August, December and March was less

yearly operating schedule of these accelerators.

three electrostatic accelerators are shown in Fig. 1.

than other one, because three accelerators were carried out
scheduled maintenance in two weeks.

300 r

# Tandem - Single-ended = Implanter

250

200

150

100

Operation time (hour)

50

0

Month

Fig. 1 Monthly operation time in FY 2012.

2. New Beam

The ion beam of tungsten (W) at 15 MeV was accelerated
by the tandem accelerator, whose intensity was 20 nA at
charge state of 4+, because of the request from a researcher
in the field of nuclear fusion.

The molecular ion beam of helium hydride was generated
by a mixed gas method using the Freeman type ion source
with the ion implanter, because the users required irradiation
of several cluster ions in order to study the irradiation effect
with material. As a result, its intensity of beam was 50 nA
at 200 kV.

3. Maintenance and Improvement

The thermal mechanical leak valve to regulate hydrogen
gas for the RF ion source of the single-ended accelerator is
It became uncontrollable during the
operation of its accelerator, though its valve was regularly
replaced about 3,000 hours. The leak vale with a bracket
was replaced with a new one. This gas flow rate is
regulated through Joule heating, which is controlled by
current whose limit amount of available to a maximum is

shown Fig. 2.

60 A. The cause of failure is considered to be the poor
electrical connection between of the leak valve and a bracket.
The RF ion source in the single-ended accelerator has this
type of leak valves of the three sets to regulate hydrogen,
deuterium and helium.

Fig. 2 Installed thermal mechanical leak valve.

The ion implanter has eight programmable logic
The
programmable logic controllers and the personal computers

controllers operated via three personal computers.

are connected through the Ethernet using the wiring of
optical fibers.  Although these devices are separately
installed in the long distance, they are hardly affected by
electrical noise. The multiport repeater which converts to
optical fiber was replaced to the media converter. Because
it failed by aging degradation. The media converter is not
troubled with the setting place of the control console,
because it is smaller than the multiport repeater. In addition,
it scarcely fails because it has no air-cooling fan.

The programmable logic controllers for the ion implanter
and the single-ended accelerator are planned to renew in
fiscal year 2013. Therefore, these accelerators are expected

to operate more stably and safely.
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Operation of the Electron Accelerator and

the Gamma-ray Irradiation Facilities

T. Agematsu®, Y. Haruyama®, H. Hanaya®, R. Yamagata®, H. Seito®, Y. Nagao?,
H. Kanekoa), T. Yamaguchib), N. Yagib), M. Takagib), . Kawashima® and S. Matsuzaki®

) Department of Advanced Radiation Technology, TARRI, JAEA,
®) Takasaki Establishment, Radiation Application Development Association (RADA)

1. Operation

The electron accelerator and the gamma-ray irradiation
facilities were operated without serious trouble.

The electron accelerator was on service as scheduled
9:00~17:30 on Monday and Friday, and 8:30~23:00 from
Tuesday to Thursday, to satisfy users’ demand for operation
time. The annual operation time of the electron accelerator
in FY 2012 is 910 h, slightly decreased as compared with
that in FY 2011, as shown in Fig. 1.

The ®Co gamma-ray irradiation facilities consisting of
three buildings with eight irradiation rooms cover a wide
dose-rate range from 10 Gy/h to 10* Gy/h. The annual
operation times for the first, the second cobalt irradiation
facilities and the food irradiation facility are 15,738 h,
10,537 h and 7,871 h, respectively, as shown in Fig. 2.

2. Maintenance
2.1 Electron accelerator

The regular maintenance was carried out for 6 days in
October to check the conveyor and doors of irradiation
room. The old electrical parts inside the accelerator were
replaced. When SFg gas in the accelerator vessel was

Electron accelerator

1200
1000
800
600
400
200

U L L 1 L
2008 2009 2010 2011

Operation time (h)

2012

Fiscal vear

Fig. 1  Annual operation time of the electron accelerator.

evacuated to be opened, the SFg gas withdrawal system,
which was used for thirty two years, broke down on October
15, 2012. Although the gas got mixed with air and its
density decreased to 90% from 98%, the accelerator could
be continuously operated. The gas withdrawal system will
be renewed in FY 2013.

2.2 Gamma-ray irradiation facilities

The periodical maintenance check mainly on mechanical
system for radiation source transportation is performed
every year on one of three gamma-ray irradiation facilities
in turn. The maintenance checks of the first irradiation
facility were done in July and August, 2012, with
interruption of operation for eighteen days.

The new ®Co sources were loaded for the irradiation
room No.2 of the first irradiation facility to increase
homogeneous irradiation area and dose rate. The three
type sources were transferred to Japan Radioisotope
Association for disposal. They were fifteen 30 cm-length
pencil-type ®°Co sources, twelve globular ®°Co sources and
five *¥'Cs sources. There are consequently no sources of
30 cm-length pencil-type in the TARRI.

Gamma-ray irradiation facilitics

25000
= 20000 — ] —
2 15000
£ 10000
2 5000

(' 1 1 1 1
2008 2009 2010 2011 2012
Tiscal year
OFirst facility B Second facility OFood facility

Fig. 2 Annual operation times of the ®Co gamma-ray
irradiation facilities.
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5-05 Utilization Status of the Electron Accelerator and
the Gamma-ray Irradiation Facilities

T. Agematsu® , Y. Haruyama®, H. Hanaya®, R. Yamagata®, H. Seito®, Y. Nagao?,
H. Kaneko?, T. Yamaguchi®, N. Yagi®, M. Takagi”, I. Kawashima” and S. Matsuzaki®

3) Department of Advanced Radiation Technology, TARRI, JAEA,
b)Takasaki Establishment, Radiation Application Development Association (RADA)

The electron accelerator and three gamma-ray irradiation
facilities were operated for various research subjects

according to the operation plan in FY 2012 without serious  accelerator and
facilities were relevant to the Fukushima Daiichi nuclear
The irradiation time and the number of research subjects  disaster.

trouble.

for each facility in FY 2012 are shown in Table 1. T
accelerator mainly served for graft-polymerization for
new material development, radiation effect study on
semiconductors and various experiments of visiting
users. The first cobalt irradiation facility mainly served
for radiation-resistance testing of cables used in nuclear
power plants and nuclear reactor facilities with a long
irradiation period. = The second cobalt irradiation
facility, involving the irradiation room No.6 operated on
hourly schedule, mainly served for development of new
functional materials and other research subjects of
visiting users. The food irradiation facility mainly
served for development of detection method for
irradiated foods and radiation resistance testing at lower
dose rates.

Figure 1 shows the number of research subjects in
each research field at each facility in FY 2008-2012.
The number of research subjects at the electron
accelerator in FY 2012 was similar to that in FY 2011.
The number of research subjects at the gamma-ray

Electron Accelerator

600 1200

= 500 = 1000
3 3
=) E

Z 400 2 g00
3 2

2 300 2 600
(=] [=]
o) =)

2 200 E 400
z z

100 200

PN 5 NP 5 P P 5 O 0

2008 2009 2010 2011 2012
Fiscal year

he

Table 1 The irradi

irradiation facilities slightly decreased year by year.
All of these research subjects, 14 ones at the electron

93 ones at the gamma-ray irradiation

ation time and the number of research

subjects for each facility in FY 2012.

Facility

Gamma-ray irradiation

Electron accelerator o
facilities

Irradiation | Research | Irradiation |Research

Research fields time (h) subject time (h) | subject
Material processing 141.3 199 6561.1 299
Heat-resist material 142.7 39 0.0 0
Material for space 397.1 86 526.2 18
Nuclear facilities 0.0 0 30148.1 90
Environment 5.2 6 1902.1 52
Resources &
Biotechnology 12 2 267.1 128
Basic technology 139.5 13 633.6 22
Joint use 82.9 29 23697.5 169

Total 910.0 374 63735.7 778

Gamma-Ray Irradiation Facilities

BFacility use program
BBasic technology
BResource & Bio-technology
OEnvironment

Nuclear facilities

Materials for space
BHeat-resist material

DOMaterials processing

2008 2009 2010 2011 2012

Fiscal year

Fig. 1 The number of research subjects (FY 2008-2012).
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Radiation Control in TIARA

Safety Section

Department of Administrative Services, TARRI, JAEA

1. Individual monitoring
(1) Individual monitoring for the radiation workers

Table 1 shows a distribution of effective dose of the
radiation workers in FY 2012. The effective dose values of
almost all radiation workers were below the detection limit
(0.1 mSv).

The maximum dose was 0.3 mSv/y due to the overhaul of
the TIARA AVF cyclotron.

Table 1 Distributions of the effective dose of the radiation
workers in FY 2012.
Number of persons in each periods|
persons o
Ist 2nd 3rd 4th | Total
Items
quarter | quarter | quarter | quarter
HE < 0.1 562 620 586 610 692
Distribution range pe—
of effective dose 0.1 =HE=10 1 1 1 1 3
1.0 <HE =5.0 0 0 0 0 0
HE:Effective dose "'| 50 <HE=150 [ 0 0 0 0 0
(mSv) 15.0 <HE 0 0 0 0 0
N f ati
lumber of persons under radiation 563 @1 7 611 €95
control (A)
Number of persons
Exposure ®) 0 0 0 0 0
above ImSv | (B)/(A)x100(%)| 0 0 0 0 0
Mass effective dose (Person*mSv) 0.1 0.2 0.1 0.1 0.5
Mean dose (mSv) 0.00 | 000 | 000 | 0.00 | 0.00
Maximum dose (mSv) 0.1 02 0.1 0.1 03
*1 The dose by the internal exposure was not detected.
*2 Net number.

(2) Individual monitoring for the visitors and others

Table 2 shows the number of persons who temporally
entered the radiation controlled areas. The effective dose
of all persons was less than 0.1 mSv.

Table 2 The number of persons who temporary entered the
radiation controlled areas in FY 2012.

. Ist 2nd 3rd 4th
Periods Total
quarter quarter quarter quarter
Number of persons 768 1025 1326 1307 4426

2. Monitoring of radioactive gas and dust

Table 3 shows the maximum radioactive concentrations
and total activities for radioactive gases released from the
stack of TIARA, during each quarter of FY 2012.

Small amount of *'Ar, ''C and "N were detected during
operation of the cyclotron or experiment, but the pulverized
substances (*°Zn, etc.) were not detected.

Table 3  Monitoring results of released radioactive
gases and dust in FY 2012.
K Periods Ist 2nd 3rd 4th
Nuclide Total
Items quarter quarter quarter quarter
Maximum 4 4 4 -4
sy, |concentration <1.4x10™[<1.4x10™"[<1.4x10™[<1.4x10
Activity 0 0 0 2.8x107 | 2.8x10’
Maximum 4 4 4 4
e |eoncentration <1.4x107<1.4x10™"[<1.4x10™[<1.4x10
Activity 1.8x10% | 2.1x107 | 1.3x10% | 1.2x107 | 3.4x10°
Maximum 4 4 4
iy |concentration <1.4x10% —— [<1.4x10*[<1.4x10
Activity | 2.0x10" | —— | 9.3x10” | 6.9x10° | 1.2x10°
Maamu 0o 04d<s 65101 4<a5x10710<5 9510719
70 concentration s - - -
Activity 0 0 0 0 0
Unit : Bg/em® for Maximum concentration, Bq for Activity.
3. Monitoring for external radiation and surface

contamination

External radiation monitoring was routinely carried out
surface
Neither
surface

and
contamination monitoring was also carried out.

in/around the radiation controlled areas

unusual value of dose equivalent rate nor
contamination was detected.

Figure 1 shows a typical example of distribution of the
dose equivalent rate in the radiation controlled area of the

cyclotron building.

2By ¢

O =
0_53.5 U.z ‘i

I/fé/%y :

©

X P

Fig. 1 Dose equivalent rate distribution in the radiation
controlled area of the cyclotron building.
Measurement date : 5th, 25th and 26th March, 2013,
Measuring position : Indicated with X 1 m above floor,
Unit : pSv/h.
(The values are not indicated if they are less than
0.2 uSv/h.)
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Radioactive Waste Management in TIARA

M. Nabatame and T. Hosoi

Department of Administrative Services, TARRI, JAEA

1. Management of radioactive wastes

The radioactive wastes generated in TIARA are managed
by Utilities and Maintenance Section. The main
radioactive wastes are the solid wastes generated from
research experiments and the maintenance of the cyclotron.
Other radioactive wastes are the liquid wastes such as
inorganic waste fluids generated from research experiments
and the air-conditioning machines in radiation controlled
area. These wastes are managed according to their
properties.

2. Solid radioactive waste

Table 1 shows the amounts of solid wastes at various
properties and kinds generated in each quarter of FY 2012.
The main solid waste is generated from research
experiments and the maintenance of the cyclotron.

Combustible wastes are rubber gloves, paper, and
clothes, etc. Incombustible wastes are metal pieces, the
glasses, and contaminated parts.

3. Liquid radioactive waste

Table 2 shows the amounts of liquid wastes generated in
each quarter of FY 2012. Most of liquid waste was
inorganic waste water generated from chemical experiments
and condensed water from operation of air conditioning
units installed in each room of the first class radiation
controlled area. The largest quantity of waste water in
summer season (2nd quarter) is mainly due to condensed
water.  After treatment by evaporation, inorganic water is
reused in the radiation controlled area.  Only small
amounts of concentrated liquid are generated from the
evaporation.

Table 1 Radioactive solid wastes generated in FY 2012.

Amounts Amounts of generation in each periods (m°) Number of
1st 2nd 3rd 4th
Items quarter | quarter | quarter | quarter Total pﬁ;ﬁge
Category A* 0.10 0.83 0.32 0.26 1.51
1)Combustible 0.06 0.28 0.26 0.16 0.76 4**
2)Incombustible 0.04 0.55 0.06 0.10 0.75 0
Compressible 0.04 0.14 0.06 0.10 0.34 2%*
Filters 0 0.41 0 0 0.41 0
Incompressible 0 0 0 0 0 0
lon exchange resin 0 0 0 0 0 0
Category B* 0 0 0 0 0 0
* defined by dose at the outer surface of container : (A) < 2 mSv/h = (B),
** 200-liter drum.
Table 2 Radioactive liquid waste generated in FY 2012.
Amounts Amounts of generation in each periods (m°) Number of
1st 2nd 3rd 4th
Items quarter | quarter | quarter | quarter Total pzj%ﬁe
Category A* 10.21 18.29 2.54 1.14 32.18
1)Inorganic 10.21 18.29 2.54 1.04 32.08 | treatment
2)Organic 0 0 0 0 0 0
Organic 0 0 0 0 0 0
Oil 0 0 0 0 0 0
3)Sludge 0 0 0 0 0 0
4)Evaporation residue 0 0 0 0.1 0.1 1
Category B* 0 0 0 0 0 0

* defined by concentrations in Bg/cm® (B, 7) : (A) < 3.7x10 = (B) < 3.7x10%
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FACILITY USE PROGRAM in Takasaki Advanced

Radiation Research Institute

H. Yoshida, D. Ushijima and K. Shidomi

Department of Advanced Radiation Technology, TARRI, JAEA

1. Introduction

The facilities of JAEA are widely opened to users in
universities, public institutes, and industries, etc. Taking
over the former system, FACILITY USE PROGRAM
started in 2006, which is the system of facility use for the
user’s service on fee-charging basis. The open used
facilities in Takasaki are Co-60 Gamma-ray Irradiation
Facilities, Electron Accelerator, TIARA (Takasaki lon
Accelerators for Advanced Radiation Application), and
some of the off-line analysis instruments.

In this program, the Research Proposals are examined
carefully every half year from the standpoint of the
availability and the validity of the experimental plan by the
special committee. The facility usage fee has revised in
FY2011. The details of the fee consist of handling fees,
the irradiation fee, the expendables fee, radioactive waste
disposal expenses and the additional charge. In case of
Non-proprietary research, the users, who are exempted from
the irradiation fee, should report the experimental results to
JAEA. JAEA opens the reports to the public.
Universities can also apply through another facility use
program operated by the University of Tokyo. Such
applications are accepted as priority case. Table 1 shows
main classification of FACILITY USE PROGRAM.

Table 1 Main Classification of FACILITY USE

PROGRAM.

Except

Purpose Research and Development R&D
Cla§5|f|c General Priority Commercial
ation case

Result Non- Proprietary

proprietary

Referee Yes No
Charge* A B C

*A = handling fees + the expendables fee + radioactive
waste disposal expenses,
B = handling fees + the irradiation fee,
C = handling fees + the irradiation fee + depreciation.

2. Use in FY2012

There were 19 applications of Research Proposals in
FY2012 at Takasaki Institute, and 17 of them were as
Non-proprietary use. Including the users from priority case
and others, 276 applications from 86 users are accepted.
Table 2 and Fig. 1 show user’s classification for each
facility and distribution of classification for FACILITY USE
PROGRAM.

Table 2 User’s classification for each facility.

User *g ) 2 é § -

o | ES B =

Facility § E z E % P
AVF cyclotron 7116 |14

< |3MV tandem accelerator 31115
f—f 3MVsingle-ended accelerator 2 0 0 2
400kV ion implanter 3/]0|0]3
coe0 gamma_myirradiation facilities 1215 3148
Electron accelerator 8|10 |6 (14
Total for each classification 35| 7 | 44 |86

1.
s
TIARA Co—60 Gammarray Electron Acc
(78) (169) (29)
mMon proprietary BProprietary
Priority case OExcept R&D

Fig. 1 Distribution of classification for FACILITY USE
PROGRAM. The number of theme for each facility is
shown in parentheses.

3. Public Relations

The information, such as an outline of this system,
guidelines for applicants, format download etc. can be
found on JAEA website as follows:
http://sangaku.jaea.qgo.jp/3-facility/01-intro/index-02.html.

“Project for Promotion of Shared Use of High
Technology Research Institute” ended in FY2012, and
“Project for Shared Use of High Technology Research
Base and Platform Formation”, will start from FY2013, as
one of the subsidiary project of Ministry of Education,
Culture, Sports, Science and Technology (MEXT). This
project intends that industrial users promote shared use of
facilities, which accelerates the whole activity of science
technology from basic research to innovation creation.

An outline of this project can be seen on website as
follows: http://www.taka.jaea.go.jp/innovation/index.html
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Symbol used in the Appendix 1 to 3

An example of symbol expression is written as following.

12 J 102 447 T
o o 6 w6 ©
@O Number of last two orders in fiscal year
@ Kind of publication
J : Publication in Journal
C : Publication as Proceedings

NP : Press-Release (Newspaper)
TV : Television Broadcasting
PA: Patent
@ Consecutive numbers for the kind of publication
@®-® Paper number
@ Classification number of research field
1: Space, nuclear and energy engineering
2 ¢ Environment conservation and resource exploitation
3 : Medical and biotechnological application
4 : Advanced materials, analysis and novel technology
® Consecutive number every research field
® Accelerators or irradiation facilities utilized for the research
: AVF Cyclotron
: 3 MV Tandem Electrostatic Accelerator
1 3 MV Single-ended Electrostatic Accelerator
: 400 kV Ion Implanter
: 2 MV Electron Accelerator

: Co-60 Gamma-ray Irradiation Facilities

ool - n3Qa

. Off-line (Research without the utilization of irradiation facilities)
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Appendix 4 Type of Research Collaboration and Facilities Used for Research

Type of Research . ow Type of Research o o

Paper Collaboration”" Irradiation Facilites Paper Collaboration”" Irradiation Facilites
No. i No. -

Res | v, | ree | men | e | C|T|S|1]E|O Re | v, | Rew | men | e | C|T|S|1]E|O
1-01 o ©|0 ©|0 2-01 o ©
1-02 o ©|0|0|0 2-02 o ©
1-03 o © 2-03 o ©|©
104 | ® © 2204 | @ ©
1-05 [ ©) 205 | @ o)
1-06 o ©|© 2-06 o ©
1-07 ( Jo)8 2-07 | @ ©
1-08 | @ © 2-08 [ ©
1-09 ® O 2-09 o ©
L-10 ol lo T
1-11 [ © 3-01 [ ©
-2 | @ © 3-02 [ ©
1-13 [ ©| 3-03 ° o
1-14 ° ©) 3-04 ° o
1-15 d ©| 305 | ® ©
1-16 [ ©| 3-06 ° © o
1-17 [ ©]| 307 | ® o
1-18 [ ©f 308 | ® o)
1-19 [ ©|@| 39 | ® ©
1-20 [ ©f 310 | ® ©
1-21 [ ©f 311 | ® ©
1-22 [ ©f 32| @ ©
1-23 [ ©f 313 | @ ©
124 | @ O 314 | @ ©
1-25 @OL 3-15 | @ ©)
1-26 [ ©|0|o 3-16 ° ©
1-27 (J ©|0|0 3-17 | @ oo
1-28 [ © 318 | @ oo
1-29 [ ©|0|o 3-19 ° ©
1-30 [ ©|0|o 3-20 [ ©
1-31 [ ©|0|o 3-21 [ ©
1-32 [ ©|0|o 3-22 [ o
1-33 [ ©| 3-23 ® ©
1-34 ° ©| 3-24 ) ©
1-35 [ ©|0|® 325 [ ©
1-36 [ ©| 326 ® ©
1-37 [ ©|® 3-27 [ ©
1-38 [ ©| 328 | ® ©
139 | ® ©| 3-29 [ ©
1-40 | @ of 330 | ® ©
1-41 [ ©|oe| 331 | ® ©
1-42 [ ©|leo| 332 | ® ©
143 1 @ @ ©|® 333 | @ ©
1-44 ° ©f 334 | ® ©
1-45 ° ©) 335 | @ ©
1-46 [ ©) 3-36 ° o)
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Type of Research o o Type of Research L __

Paper Collaboration”! Irradiation Facilites Paper Collaboration”" Irradiation Facilites

B e e v £ 0 50 1 R e e ol el e (S A A KL

3-37 [ ] © ©| 424 ® ©

3-38 [ ] © ©] 425 ®

3-39 [ ] © ©| 426 o ©

3-40 [ ] © ©| 4-27 (] ©

3-41 ® (O 4-28 (] ©

3-42 [ ] © ©| 429 (] © ©

3-43 [ ] ©| 430 o ©

3-44 [ ] © 4-31 (] ©

3-45 [ ] © 4-32 (] ©

3-46 [ ] © 4-33 ®OL

3-47 [ J © 4-34 [ ©

3-48 [ J © ©| 435 [ ©

3-49 [ J © 4-36 [ ©

3-50 [ J © 4-37 [ ©|0|0
T T e o o

4-01 [ ] ©|© 4-39 @®OL

4-02 ® |O 4-40 [ ©

4-03 ® |O 4-41 [ ©

4-04 [ J © 4-42 [ ©|©

4-05 [ ] © © 4-43 [ ©

4-06 @®O0L 4-44 (] ©

4-07 ® |O 4-45 [ J ©

4-08 ® |O 4-46 [ J ©

4-09 ® © © 4-47 ® ©

410 | @ ©|O 4-48 ® © ©

4-11 (] ©|© 4-49 ® © ©

4-12 ® ©|O 4-50 ® ©

4-13 | @ ©|0 4-51 [ ] ©

o 1 1 0

4-15 o © 5-01 ©|0|0|0

4-16 | @ o © 5-02 ©

4-17 | @ © 5-03 ©|0|0

4-18 (] © 5-04 ©|©

4-19 | @ © 5-05 ©|©

4-20 (] © 5-06 ©|0|0|0

4-21 (] © © 5-07 ©|0|0|0

4-22 (] ©| 5-08 ©|0(/©|©|0|0

4-23 o Q|0 Total |55 [ 2 [ 17 | 64 [ 19 [65 |32 3832 (22 (39

facilities)

h Type of Research Collaboration

Joint Res. : Joint research with external users

Entr. Res. : Research entrusted to JAEA

Coop. Res. : Cooperative research with plural universities
through The University of Tokyo

JAEA Inter. : JAEA internal use

Ext. Use : Common use based on "JAEA-facility-use
program" and "Common promotion project" supported
from MEXT

OL : Off line (Research without the use of irradiation

" Utilization of Irradiation Facilities
C : AVF Cyclotron System
T :3 MV Tandem Electrostatic Accelerator

S : 3 MV Single-ended Electrostatic Accelerator
1:400 kV Ion Implanter

E : 2 MV Electron Accelerator
G : Co-60 Gamma-ray Irradiation Facilities
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Appendix 5 Examples of Typical Abbreviation Name for Organizations
in Japan Atomic Energy Agency (JAEA)

& Directorate, Center, Institute, etc.

QuBS (& 1 — 25 AL FT) - Quantum Beam Science Directorate
NSED (-1 77 a8 T 5245840 ) - Nuclear Science and Engineering Directorate
FRDD (Bz@h A #F 72 BH 3 55 F9) - Fusion Research and Development Directorate
GIRDD (g 4L 55wk 72 BA %655 )  Geological Isolation Research and
Development Directorate
ANSRD (AR 7)o A7 2 9E R 3655 F) « Advanced Nuclear System Research
and Development Directorate
NCBD (/v 7= RHE#ERETY) : Nuclear Cycle Backend Directorate
NSRC (Zz &9t 4 —): Nuclear Safety Research Center
NFCEL (#1270 T 22098 FT) « Nuclear Fuel Cycle Engineering Laboratories
NERCC (JF 7 /1= /L —Eiii+ % —) . Nuclear Engineering Research
Collaboration Center
NHARC (51 )k 3 - BRI HAfF 9224 —) . Nuclear Hydrogen and Heat Application
Research Center
J-PARC (J-PARC &>%—): J-PARC Center
TARRI (&l &1 i A SEAT) « Takasaki Advanced Radiation Research Institute
NSRI U5 7 1R =4 2257) - Nuclear Science Research Institute
ORDC (Kt 9tBRzE 24 —) . Oarai Research and Development Center
KPSI (BEVE ¢ F52F28FT) : Kansai Photon Science Institute

@ Division, Unit, Department, etc.

- B AISANSEEY, BREE - PEEICHE T U — A EIN R = b
= Environment and Industrial Materials Research Division, QuBS, JAEA

C R E— LTS AIRRGREI A - A AT B A = ok
= Medical and Biotechnological Application Division, QuBS, JAEA

CRT e AR, BT B — AR - ASERERIRE = o R
= Materials Science Research Division, QuBS, JAEA

- B LIS, L— ISR e = > B
= Laser Application Technology Division, QuBS, JAEA

<R R TR SEER M BREE - UERE R = B
= Division of Environment and Radiation Sciences, NSED, JAEA

SR SHRE TSR . R - MR D = B
= Division of Fuels and Materials Engineering, NSED, JAEA
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s JRA SRR R b= b

= Division of Chemistry for Nuclear Engineering, NSED, JAEA

- ERVEDFERRREEY, ITER Ve Y=/ b=y |

= ITER Project Unit, FRDD, JAEA

- ERVEFEBRREEY . M~ 7 AT AEANBAR = b

= Tokamak System Technology Unit, FRDD, JAEA

- EREHTIEBHREEM . Ry TBA7 nY =7 ha=y |

= Rokkasho BA Project Unit, FRDD, JAEA

- Seum AT e 2 —

= Advanced Science Research Center, JAEA

< SR AR SRR, O B

= Department of Radiation Protection, NSRI, JAEA

< JRASIREETERT. S TN BR S AR T — A

= Fukushima Project Team, NSRI, JAEA

- KUEMFSEBARS® v & —. il SRR

= Experimental Fast Reactor Department, ORDC, JAEA

- RUERFZEBAFRS & v & —. 18 B BB

= Fukushima Fuels and Materials Department, ORDC, JAEA

- R JIoK G BRI RSt 2 — | K FEF SRR R =k

= Hydrogen Application Research and Development Division, NHARC, JAEA
- e IR RS TSR, O i A A e s 0

= Department of Advanced Radiation Technology, TARRI, JAEA
*J-PARC E o Z— JE&HRT 4 BV a3

= Accelerator Division, J-PARC, JAEA

*JPARCt U — ZET 4BV a v

= Safety Division, J-PARC, JAEA

CLEREE 2 — BRI RIbSISAZE L = v b

= LWR Long-term Reliability Research Unit, NSRC, JAEA

- HUB L HFZERE FEERY . HUE ALy BRI IER R = > b

= Geological Isolation Research Unit, GIRDD, JAEA

C BEREHY A 7 VTERIERT, A 7L TR

= Nuclear Cycle Engineering Department, NFCEL, JAEA
CBERRERY A 7 VTEMERT. TV b =T DR B o & —
= Plutonium Fuel Development Center, NFCEL, JAEA

- BB A 2 VTSR, BB v 2 —

= Tokai Reprocessing Technology Development Center, NFCEL, JAEA
BB A 7 NV TEMTIERT. RS B BA JE AR

= Department of Fukushima Technology Development, NFCEL, JAEA
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s W77 27 DAFFEBAFEE Y, RBHA BN B = = >~ T

= Fast Reactor Fuels and Materials Technology Development Unit, ANSRD, JAEA
- Ny g FHEERIPY, Ny 7 v FEARBET = > b

= Nuclear Cycle Backend Technology Development Unit, NCBD, JAEA

- PESEHEHETE T

= Industrial Collaboration Promotion Department, JAEA
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