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Appendices.
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PREFACE

This report covers research and development activities in Takasaki Advanced Radiation
Research Institute, JAEA, during the period from April 2010 to March 2011 conducted with
TIARA (Takasaki Ion Accelerators for Advanced Radiation Application), electron beam and
Co-60 gamma-ray irradiation facilities.

This annual report contains 159 papers in the fields of

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) Present Status of Irradiation Facilities.

In the field of Space Engineering, radiation induced damage of semiconductor devices
which will be caused by cosmic rays has been evaluated using high energy electrons, protons
and heavy ions. The occurring effects in the devices were analyzed by means of transient
current and durability for fabrication planning of new radiation-resistant devices. For
Nuclear and Energy Engineering, the practically available results were led for radiation
stabilities of organic extractants and polymeric insulators for irradiation facilities such as
ITER, J-PARC and aging LWRs. The radiation durability of barrier materials for geological
disposal, alloys for the next generation reactors and for the reprocessing plant, and lighting for
nuclear facilities was inspected in corresponding high radiation environments. Graft
polymerization synthesized promising electrolyte membranes for fuel cells as research for
future energy.

In the field of Environmental Conservation and Resource Exploitation, naturally
occurring polymers such as cellulose fabric and kenaf fiber were used for the trunk polymers
for graft polymerization. A graft adsorbent was applied to decolorization of agricultural
wastewater from livestock urine. Furthermore, grafting was used for surface modification of
vulcanized rubber for car wiper. Hydro-gels produced by crosslinking of hydroxypropyl
cellulose have been investigated to improve the characteristics such as transparency and
mechanical strength. R&Ds of the decomposition of persistent antibiotics in wastewater
using ionizing radiation have been performed to develop new process technologies for
environmental conservation. Recovery of platinum was carried out from waste silicon
rubber as recovery of rare earth materials.

In the field of Medical and Biotechnological Application, a novel fluorescence-based
method was developed to study the quantity as well as the spatial distribution of DNA damage,
and the LET dependence of mutational effects of ion beams was investigated to find out the

significance of clustering of DNA damage. Radiation-induced bystander cell-killing effects
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were investigated using heavy-ion microbeams. The survival rate of non-irradiated cells did
not change at 6 h but decreased at 24 h following irradiation with the rate of 90% of control
cells, suggesting that the radiation-induced bystander effect leads a part of non-irradiated cells
to reproductive death and that it is dependent on time following irradiation. The in-air micro
particle-induced X-ray/Gamma-ray emission (micro-PIXE/PIGE) system has been utilized for
the micron-sized trace-element mapping in bio-medical applications of analysis of
asbestos-lung tissues, stress effects on the brain, fluorine uptakes in carious enamel, and so on.
The PIXE-CT (computed tomography) technique was also improved in spatial resolution
using a new image reconstruction algorithm. Radionuclides, which are produced by the AVF
cyclotron, have been used for cancer therapy and diagnosis. Radiopharmaceutical for
diagnosis of malignant tumors which is °Br labeled tyrosine analog
(3-["°Br]bromo-a-methyl-L-tyrosine) was successfully prepared as a new positron emission
tomography (PET) probe. On the other hand, the plants absorb and utilize carbon and
nitrogen from the air, and the other nutrients and pollutants from the soil. Various
experimental methods of positron-emitting tracer imaging system (PETIS) have been
established which enable quantitative analyses on such plant functions by realizing
quantitative image-collection within the field-of-view. The ion beam breeding has been
applied for many kinds of plants and microorganisms such as chrysanthemum, petunia, rice,
yeast and rhizobium to obtain new useful varieties. By ion-beam irradiation to an
endophytic Pseudomonas strain, mutants that have enhanced suppressiveness against the
tomato bacterial wilt were obtained. Studies on mutational effects of ion beams near range
end were progressed using Arabidopsis.

In the field of Advanced Materials and Analysis, various materials were developed by
applying ion- or electron-irradiation with analyses of its effect: nano-crystalline SiC
nanotubes, SiC nanofibers, SiC membranes with gas permeation, polymer nanowires, polymer
optical waveguides, hydrogen-storage alloys, Al-Cu-Mg alloys, Ti nitrides and so on.
Radiation damage of the following materials has been investigated: carbon foils for
charge-stripping process at J-PARC, SiC/SiC composites, CeO,, GaN, high-purity o-quartz,
and polyimide polymers. A reflection-high-energy-positron-diffraction (RHEPD) technique,
a powerful tool especially for analysis of a surface of a single crystal, has been used to
investigate super structures on clean semiconductor surfaces.

As for the Novel Technology, radiation chemistry studies on radiolysis of water or
organics were carried out using ®®Co gamma-rays, MeV-electron beams, and pulsed heavy ion
beams involving the effects of oxide gradients or the development of time-resolved radiolysis
techniques. Different kinds of detectors were examined for energy-spectral measurement of
low-energy neutrons, position measurement of medical gamma-ray radioisotopes, and

absorbed dose measurement of MeV-electron beams or laser-driven He ion beams. The
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fundamental studies on the interaction between MeV/atom cluster ions and target materials
for C,-C¢o and Auj-Aus were performed on the basis of the measurement of secondary
ions/electrons or luminescence emitted from materials, and energy deposition/loss estimated
by the Molecular Dynamics calculation or vacancy-measurement using positron annihilation
analysis. The 3D micro-fabrication technique using Proton-Beam-Writing (PBW) was also
developed for various nano-structure patterns such as lines, bridge or jigsaw puzzle.
Technical developments were in progress for fast single-ion hit, wide uniform-beam
formation, quick beam change for microbeams, and emittance/acceptance measurement for
higher available intensity at the AVF cyclotron. Developments of new beam
generation/irradiation technique for cluster ions as well as real-time detection technique of
single-ion hit were also in progress at electrostatic accelerators. The development of new
positron sources was also attempted for high spin-polarized beams and microbeams.

About the Present Status of Irradiation Facilities, all the accelerators in TIARA, namely
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, till the Great East Japan Earthquake on March 11th 2011.
Fortunately no severe damages occurred in any facilities by the earthquake, and we operated
again electron and gamma-ray irradiation facilities in April, and TIARA in May after the
careful inspection. On the other hand, Saturday operation of twelve days for the cyclotron
and ten days for three electrostatic accelerators was carried out after October 2010 under the
nuclear human resource development program. Total operation times of the tandem
accelerator, the single-ended accelerator, and the ion implanter were 34,538, 39,231, and
30,675 hours, respectively. The total number of experiments made by various users using
the AVF cyclotron was 8,719 from the first beam extraction in 1991 to March 2011, as a result

of continuous efforts such as regular maintenance and trouble shooting.

Hirokazu /E%

Hirokazu Tsuji,
Director General
Takasaki Advanced Radiation Research Institute

Japan Atomic Energy Agency
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Effect of Beam Expansion Methods on Radiation

Degradation of Solar Cells

M. Imaizumi ®, M. Saito®, Y. Yuri ®, S. Sato  and T. Ohshima 9

 Institute of Aerospace Technology, JAXA, ® Advanced Engineering Services Co. Ltd.,
2 Department of Advanced Radiation Technology, TARRI, JAEA,
9 Environment and Industrial Materials Research Division, QuBS, JAEA

Space solar cells are required to have radiation hardness.
Therefore, it is necessary to understand the radiation
degradation characteristics of the cells. Currently, solar

cell  irradiation tests are executed at each
facility/organization in the world with their own test
procedure and conditions. However, the effects of the test
procedure/conditions on degradation of the performance of
solar cells have not been understood well.

One of such conditions is a beam expansion method.
Two kinds of the methods, the scanning and the defocusing,
The scanning is relatively popular

method because it is easier to achieve an uniform beam area.

are generally used.

However, in the case of the scanning, greater degradation is
anticipated compared to the defocusing case because an
intense spot beam that may cause greater degradation is
momently irradiated at a local area. In this study, therefore,
we compared solar cell degradation with using the two kinds
of beam expansion methods.

InGaP/GaAs/Ge triple-junction (3J) space solar cells and
a high-efficiency silicon (Si) space solar cells were used as
samples. Table 1 summarizes the beam conditions in this
study. In the case of “scan”, the beam spot size was about
10 mm in diameter, and the spot beam was scanned
holizontaly (50 Hz) and also vertically (0.5 Hz). In the
a defocused beam with Gaussian
distribution (~80 mm in diameter) was uniformized using

This uniformizing technique was
13)

case of “defocus”,

multipole magnets.
specially developed by one of the authors In both cases,
protons were accelerated to 10 MeV, but the energy was
decayed to ~9 MeV due to air in the case of the defocused
beam. However, we have confirmed that there is no
influence from the difference of energy on the radiation
degradation of the two types of the cells.

Figure 1 depicts the results of comparison of the
irradiations with the scanning and the defocusing beams on
Si and 3J solar cells. The remaining factors (the ratio to
the initial values) of the short-circuit current (Isc), the
open-circuit voltage (Voc) and the maximum power (Pmax)

of the two types of cells are plotted as a function of proton

Table 2 Beam conditions for irradiation experiments.

Beam Broadning scan | defocus

Particle Proton
Energy (MeV) 10 [ 9
Fluence (p/cm?) 1x10™
Fluence Rate (p/cm?-s) | 1.0x10°~1.0x10" | 1.1x10""

Irradiation Area 4cmx7.5cm 6cmx6em
Sample Si, 3J
Cell Size 2cmx2cm

fluence. The cell output deteriorates in both cases of

“scan” and “defocus”. However, there is no significant
difference in the degradation between the irradiations with
scanning beam and the defocus beam. We can conclude
that there is no significant influence of the intense spot beam
on radiation degradation. This result or knowledge will be
reflected to the internatinal standardization activity of solar

cell radiation test methods .
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Effect of Body-tie Structure Fabricated by Partial

Trench Isolation for Suppression of Soft Errors in SOI
SRAM Investigated by Helium and Oxygen Ion Probes

S. Abo®, N. Masuda®, F. Wakaya®, S. Onoda ™, T. Makino ", T. Hirao ”, T. Ohshima ),
T. Iwamatsu C), H. Oda® and M. Takai

% Center for Quantum Science and Technology under Extreme Conditions, Osaka University,
Environment and Industrial Materials Research Division, QuBS, JAEA,
° Devices & Analysis Technology Division, Renesas Electronics Corporation

A soft error due to excess carriers generated by high
energy particles becomes a serious problem in advanced
semiconductor devices. A silicon-on-insulator (SOI)
device has an advantage over a conventional bulk device for
soft errors. However, the SOI body potential is unstable
because the channel region is insulated from the silicon
substrate by the buried oxide (BOX) layer. Therefore, a
few excess carriers generated in a SOI body by high energy
particles increase the SOI body potential, resulting in the
abnormal drain current (i.e., floating body effect) and soft
A body-tie structure fabricated by partial trench
isolation (PTI) is effective for suppression of the floating
body effect, in which the generated holes in the neutral
region drift out to a body-electrode.

In our previous studies, the soft error rates (SERs) in SOI
static random access memories (SRAMs) with the body-tie
structure were found to depend on the excess carriers
generated in the SOI body induced by various ion probes'?.
In these studies, SERs were evaluated from the number of
the soft errors without considering the metal oxide
semiconductor field effect transistor (MOSFET) and metal
pad layout on the SRAM chip. In this study, for
investigating a difference in suppression of the floating body
effect by the MOSFET and metal pad layout, SERs induced
by helium and oxygen ion probes were measured as a
function of connection length between the body-electrode,
put in the side of MOSFET by PTI, and the metal pad for the
first metal layer of the chip.

A SOI SRAM chip with a technology node of 90 nm was
used in this study. The body-electrode for each of 32
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Fig. 1 Normalized SER induced by helium ion probes
as a function of connection length between
body-electrode and metal pad.

SRAM cells was connected to the metal pad for the first
metal layer. The connection length between the
body-electrode and the metal pad used in this report was an
order of the SRAM cell. The connection lengths of 1 to 16
in Figs. 1 and 2 were the closest to the farthest SRAM cells.

Figures 1 and 2 show normalized SERs induced by
helium and oxygen ion probes as a function of connection
length between the body-electrode and the metal pad.
SERs induced by helium ion probes at 5.0 and 6.0 MeV in
closest SRAM cells to the metal pad were 40-50 % lower
than those in farthest SRAM cells. This indicates that the
body-tie structure has a difference in suppression of the
floating body effect. On the contrary, SERs induced by
helium ion probe at 2.5 MeV and oxygen ion probes at 13.5,
15.0 and 18.0 MeV did not depend on the connection
lengths between the body-electrode and the metal pad.
This indicates that the generated charge by helium ion probe
at 2.5 MeV and oxygen ion probes at 13.5, 15.0 and
18.0 MeV are enough to induce the soft errors in SOI
SRAM. Therefore, the soft errors by helium ion probe at
2.5 MeV and oxygen ion probes at 13.5, 15.0 and 18.0 MeV
occurred regardless the connection length between the
body-electrode and the metal pad.

The body-tie structure fabricated by PTI has difference in
suppression of the floating body effect by the connection
length between the body-electrode and the metal pad.

References
1) S. Abo, et al., Nucl. Instrum. Meth. B 231 (2005) 482.
2) S. Abo, et al., Nucl. Instrum. Meth. B 268 (2010) 2074.
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Improved Radiation Hardness for Angle Irradiation

in DICE Latches on a 90 nm Bulk CMOS Process

A. Maru®, H. Shindou ”, S. Kuboyama ®, H. Abe?, T. Hirao ” and T. Ohshima "

2 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, the logical circuits have been
fabricated with the process technologies less than 100 nm.
Single-Event Upset (SEU) and Single-Event Transient
(SET) phenomena are serious problems for those integrated
circuits, because their supply voltage and the threshold to
the phenomena are also decreasing. It is said that Dual
Interlocked Storage Cell (DICE) circuit is the hardened
topology against SEU"?.  The DICE circuit keeps
data using two memory nodes, and if data inversion has
occurred 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 the highly integrated circuits, it is occurred that
two neighboring transistors are simultaneously inverted by
an incident particle due to the charge sharing mechanism?.
Therefore, it is important for the design of those circuits to
estimate the extent of the charge sharing.

In this feasibility study, the applicability to space
environments of a 90 nm bulk CMOS process was evaluated
by heavy ions and the SEU cross section was calculated.
For detailed evaluation, we also performed the angled
irradiation. The experimental results suggested there are
the critical angles in the DICE memory circuit.

In past study ¥, we evaluated the effectiveness of the
Radiation Hardness By Design (RHBD) apploarch for 90
nm CMOS process, by using the heavy ions from AVF
cyclotron at JAEA. As a result, the DICE latch circuits
Figure 1 shows SEU
cross-section as a function of incident angle when Kr

indicated the range of sensitive angle.
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Fig. 1 SEU cross-section as a function of linear
energy transfer for the DICE latch circuits.

(LET= 40.3 MeV/mg/cm®) particles were irradiated.

By using Simulation Program with Integrated Circuit
Emphasis (SPICE) simulator and DICE cell layout data, it
concluded that due to two critical off-transistors in the DICE
circuit upset simultaneously, many SEUs were observed
with angled irradiation. The SEU rate in the actual space
environment was estimated based on the directional SEU
sensitivity. The results indicate that the SEUs caused by
ions with grazing angle incidence are not negligible for
DICE type of data storage cells even in the 90 nm
technology. For smaller feature size technologies the
effects could be considerable and the development of
additional techniques may be required.

Therefore, we designed a new type of DICE memory cell.
Figure 2 shows schematic diagram of new type DICE
memory cell. Extra p-type transistors were inserted to the
conventional DICE memory to prevent to penetrate critical
off state transistors in the DICE circuit simultaneously by
ion with grazing angle. Although there is an area penalty,
this memory cell is expected to have high SEU tolerance
even if ions irradiated from all angles. Radiation test
samples of this circuit were fabricated and evaluated SEU

tolerance continuously.
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One of the most detrimental effects on semiconductor
devices in radiation environments is the single-event effect
(SEE). Recently, silicon-on-insulator (SOI) technology
has been developed to reduce SEE, because it was believed
that the charge collection is suppressed by the existence of a
buried oxide (BOX) layer"”. However, anomalous charge
collection through the BOX layer was also reported ?.
In the present work, we concluded that the charge collection
through the oxide layer is dominated by a displacement
current”. In this work, we discuss about suppression of
the displacement current in SOI p'n junction diode to
improve radiation immunity of SOI devices.

The Al gate p'n junction diodes with the junction area of
100 pm in diameter were fabricated on a SOI substrate as
shown in Fig. 1. The donor concentration of each silicon
layer is about 10" cm™ and the thicknesses of active SOI
layer and BOX layer are 1.5 pm and 0.3 pm, respectively.
The transient current and the collected charge, the
integration value along a time after irradiation, in diodes
induced by 15 MeV Oxygen ions were measured. Linear
energy transfer (LET) and project range of the ions are
6.5 MeV/(mg/cm?®) and 12.3 pum, respectively. Heavy-ion
irradiation tests were carried out using the Single Ion Hit
(SIH) system in JAEA and the transient current caused by
the single ion was measured by Transient lon Beam Induced
Current (TIBIC) measurement system.

Figure 2 shows the collected charge of anode electrode
in the device as a function of the heavy-ion hit location, in
which the reverse bias of 10 V is applied during irradiation
test (V, =—10 V). Dotted line shows the results when the
back electrode is connected with ground (V, = 0). In this
case, the collected charge is about 300 fC when the ion hit
to the whole of p' region. However, the charge generated
in active SOI layer due to irradiation is 100 fC and the
measured charge is about 3 times as much as the generated
charge. This phenomenon indicates that the some of
charge generated in handle Si substrate due to irradiation is
collected by anode electrode through the BOX layer as
displacement current. The displacement current is caused
by the charge accumulated at the surface of substrate due to
an electric field in depletion layer. So it is considered that
the current can be suppressed by the reduction of the width
of depletion layer. The width can be controlled by the
voltage applying to back electrode, V,.  When Vy, =V, the
surface of handle substrate is flat-band condition even if the
reverse bias is applied to anode electrode. Solid line in
Fig. 2 shows the collected charge of anode electrode when
V,=V,=-10 V. It was found that the collected charge
when the ion hit to the center area of p' region could be

+

suppressed to almost 0. When the ion hit to the edge of p
region, the amount of collected charge is obtained to be
around 100 fC. It is considered that the charge is
generated in active SOI layer and collected by lateral
electric field at the edge.

From these results, it was confirmed that the collected
charge in SOI device could be reduced by reduction of the
width of depletion layer at the surface of handle substrate.
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induced by Oxygen ion irradiation as a function
of ion hit location.
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We first estimated Digital Single Event Transient
(DSET) pulse-widths originated in an inverter cell which
was fabricated with a 0.2-um process from heavy-ion-
induced transient currents in an n-type Metal-Oxide-
Semiconductor Field-Effect Transistor (nMOSFET) by
using a theoretical integrated-circuit analysis.

The test sample of nMOSFET was mounted on a chip
carrier and connected through short bonding wires to
strip-lines  carefully designed for high-speed-transient
measurement. The heavy-ion irradiation induced transient
drain currents in the test sample of nMOSFET were
observed under various constant drain biases. The gate of
the test sample of nMOSFET was biased in an off-state and
the drain bias was swept from 1.8 V to 0.2 V with 0.2 V
steps and from 0.2 V to 0.05 V with 0.05 V steps with a
power supply. We used a 30 GHz high-bandwidth
single-shot digital oscilloscope (LeCroy Model Wavemaster
830Zi) to measure the transient drain currents. Bias-tee,
amplifier, and cables limit the bandwidth of the whole
measurement system to around 20 GHz. The drain currents
were amplified by a charge pre-amplifier with 21.5 dB
before input to the oscilloscope.

The heavy-ion irradiation tests were performed using the
AVF cyclotron at the Takasaki lon Accelerators for
Advanced Radiation Application (TIARA) in Japan Atomic
Energy Agency (JAEA), Takasaki. The test sample of
nMOSFET was irradiated in a vacuum chamber with a
broad beam of 322-MeV Krypton at an irradiation angle of 0

0.6 - -
as ; L Signel Ohservad
04 E:nl-;
< =
Ens a %
E
gozf "= &
o
3 0-1 (8 ] 5 .
[x]
or-h"
0.1 N M N M M M
245 0 05 10 15 20 25 30
Time (ns)
Fig. 1 The biggest waveform of transient currents

in the case that the drain biased to 1.8 V .

degrees. To obtain statistically sufficient numbers of
transient current waveforms, about 200 current waveforms
were observed in each drain bias condition. After each
measurement, the ion beam was stopped and the drain bias
was changed to a different value.

Figure 1 shows the biggest waveform of transient current
for the drain bias of 1.8 V. For every drain bias condition,
the biggest transient current waveforms were stored in a
look-up table to estimate the DSET waveform by using the
theoretical integrated-circuit analysis called as a table-based
approach. Details of the table-based approach are reported
in the reference ?.

Figure 2 shows an estimated DSET waveform as an
output voltage of an inverter circuit (V,,) by using the
table-based approach .  The DSET pulse-width was
defined at half voltage of nominal power supply voltage for
the tested process and was found to be 420 ps. The value
of the DSET pulse-width of 420 ps was consistent with the
measured DSET pulse-widths by using a special DSET
pulse-width detector ¥.  From this result, we concluded that
by using the estimation method it is possible to obtain the
heavy-ion-induced DSET pulse-widths, even without any
special pulse-width detectors, at least for an inverter circuit
fabricated in a 0.2-pum technology.
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Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) made of Silicon Carbide (SiC) is regarded as a
promising candidate for high-power and high-frequency
electronic devices because of its excellent electrical and
thermal properties. The benefit to using SiC materials
instead of other more established materials such as Silicon
(Si) or Gallium Arsenide (GaAs) is

lightweight, and highly energy efficient devices operating at

that compact,

high temperature can be developed. Moreover, it is well
known that the SiC crystal has significant radiation tolerance.
Therefore, it is expected that the SiC devices will be
particularly useful in space applications as well as in
terrestrial applications. To use SiC devices in space
radiation environments, it is important to understand the
effect of various types of irradiation on their electrical
characteristics.

Space radiation causes destructive or non-destructive
Total Ionizing Dose (TID) effect,
Displacement Damage Dose (DDD) effect, and Single Event
Effect (SEE). We have studied the TID effects on 6H-SiC
MOSFETs over several years . In contrast to the TID and
DDD effects, few attempts have so far been made to study

events such as

the transient response when an ion strikes on SiC MOSFETs
9. The purpose of this paper is to understand the charge

collection phenomena when an ion strikes on SiC
MOSFETs.

Fig. 1 (a) shows the cross-sectional structure of the
MOSFET.

incidence with a focused microbeam using 15 MeV O ions

The devices were irradiated at normal
at TIARA facility. The bias tees were used for sample
biasing. During irradiation, the drain contact was biased
with 10 V. The gate, source and substrate (back side of the
chip) were grounded. Fast current amplifiers (Picosecond
Pulse Lab. 5840A) were connected to all electrodes for

amplification. ~ The microbeam was scanned over the

-1.0E-3

Substrate (back contact) 8

(a) Cross-sectional structure

(b) TIBIC map

Fig. 1 (a) The cross-sectional structure of n-type
MOSFET. (b) Typical TIBIC peak image is observed
from drain contact of 6H-SiC MOSFETs induced by
15 MeV-O ions. The drain contact is biased with 10 V
and other contacts are grounded.

source, gate and drain region. The signal induced by a
single ion was recorded together with the struk location by
using the 3 GHz digital storage oscilloscope (Tektronix
Model TDS694C).

from the integration of the transient current signals.

The collected charge was estimated

Figure 1 (b) shows two-dimensional (2D) mapping image
of the peak value of the drain current induced by the 15
MeV-O ion microbeam scanned on the 6H-SiC n-type
MOSFET. When an ion strikes on the drain, the largest
signal is observed from drain contact. From the point of
view of the SEE tolerance, the largest signal leads to the
most serious problems.

The charge is calculated by integrating the transient
currents when the drain bias is 20 V and other contacts are
grounded. The drain and substrate charges are 281.5 and
250.9 fC. The ratio between drain and substrate charges is
about 1.1.
provided from the source or the gate.

This fact suggests that a part of charge is
To understand the
charge collection phenomena, we perform the numerical
simulations. Fig. 2 shows the calculated contour map of
electron current density. As shown in the figure, the
current flows between the source and drain through the
epitaxial layer. After the ion strikes on the drain region,
the potential temporarily spreads through the epitaxial layer
and raises the potential of epitaxial layer relative to the
source. As a result, the electrons can be transported from
the source to the drain, which is called "parasitic bipolar
effect".

explanation of the enhanced charge collection is the parasitic

In short, we conclude that the most likely
bipolar effect?.
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Fig. 2 Electron current density contour map of 6H-SiC
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Hydrogenated Amorphous Silicon Semiconductors
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) semiconductor
devices are expected to be utilized in radiation environments
(e.g. space solar cells and photo-detectors in nuclear reactors
or accelerator facilities) since they have a high radiation
tolerance. In order to make the radiation hardened a-Si:H
device design, variations of the electrical properties due to
radiation exposure is a primary concern. For this reason,
several research groups have investigated about these issues,
especially about the high energy electron irradiation effects.
However, systematic and comprehensive study about these
radiation effects is hardly reported at present despite being
very important in order to not only make the radiation
hardened device design, but also understand the mechanism
of the radiation effects. In this context, we have studied
variations of the electrical properties accompanied by

radiation exposure>?.

II. Experimental

The undoped,
phosphorus doped (n-type) or boron doped (p-type) a-Si:H
thin films, fabricated on glass substrates by Plasma
Enhanced Chemical Vapor Deposition (PECVD) at National
Institute of Advanced Industrial Science and Technology
(AIST). The thicknesses of the a-Si:H thin films were
0.27-0.45 um. The carrier concentrations of n-type and

samples were device-grade, either

p-type samples were 5.8 x 107 and 3.0x 10" /ecm® according
to the Hall measurement results, respectively.

III. Results and Discussion

Figure 1 shows the results of electric conductivity
variations of a-Si:H irradiated with 10 MeV protons at room
The conductivity measurements were
in the The
conductivity of the undoped a-Si:H sample first increase due

temperature.

performed in-situ irradiation chamber.
to proton irradiation and then decrease dramatically with
increasing proton fluence. A gradual conductivity increase
at lower fluences and a decrease at higher fluences were also
observed in the doped samples. Our measurements also
revealed that the conductivity which increased due to proton
irradiation decayed with time and thermally relaxed at over
300 K. This cannot be explained in terms of the general
interpretation for radiation-induced electrical degradation of
conventional semiconductor materials, where the minority
carrier lifetime decreases due to the creation of radiation
defects.

investigated Seebeck coefficient variations due to 3.0 MeV

In order to clarify the origin of this effect, we

proton irradiation. The Seebeck coefficients were derived

from the thermoelectric power, which was measured in-situ
by generating a temperature difference between upper and
The
Seebeck effect could not be observed in the undoped sample

lower parts of the sample just after proton irradiation.

without proton irradiation, however, the proton-irradiated
sample showed a negative Seebeck coefficient only in the
low fluence regime. This suggests that donor like centers
Also, the stability of the

Seebeck effect was investigated and as a result, the

were temporarily generated.

Seebecck coefficient of the undoped sample irradiated with
the 3.0 MeV protons at 2.0 x 10'? /cm? gradually decreased
with time, although the Seebeck effect was observed
40 hours later after the irradiation. Therefore, we conclude
that the conductivity increase due to proton irradiation is
Whereas,

the conductivity decreased with the accumulation of

attributed to temporal donor center generation.

radiation-induced defects since donor centers are
compensated by these defects or disappeared due to
additional proton irradiation at fluences of above 10'* /cm?.

We would like to thank Hitoshi Sai of AIST for

fabricating the a-Si:H samples.
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Fig. 1  Electric conductivity variations of undoped,
n-type and p-type a-Si:H thin films irradiated with
10 MeV protons.
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General Electronic Devices to Space Environment
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We have tested general electronic devices about radiation tolerance since 2008. This purpose is aim to apply these

electronic devices to our Small-Satellite design.
have strong tolerance for SEE (Single Event Effect).

showed an irregular event.
generating voltage supply for a second during Kr irradiation.
internal reference voltage generator.
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Table 1 Result of MPUs evaluation.
LET threshold Saturated Probability
[M eV/mg/em?] cross section [cm’] [event/year]
SEL MPU®D 5.6 4.3x107 9x107?
MPU®@ >59 1.8x10° < 8x107
SEU@Register MPU® >3.0 3.5x10° < 7x10’"
MPU®@ 1.2 1.3x10° 8x107
SEU@ROM MPU®@D >34.0 <2x107° <7x10*
MPU® >34.0 <9x10° <4x10®
Hung-Up MPU®D 4.5 4.4x10™ 7x107°
MPU®@ >3.0 4.0x10” <2x10”

This time, we tested two MPUs (Micro Processor Unit), which have
different architecture each other and a switching power controller by heavy-ion beam irradiation.

As a result, both MPUs

Probability of SEE occurrence which estimated from irradiation
results is less than once, on our satellite orbit during Small-Satellite’s operation life (1-2 years).

Switching power controller

Test power circuit that was controlled by the switching power controller suddenly stopped
Switching power controller also showed total dose effect at its
Its reference voltage kept reducing during irradiation.
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Fig. 1 Total dose effect at device internal reference
voltage generator. This figure shows result of Kr
irradiation.  Dose is calculated with device size,
material, and assumption that irradiation particle

energy was absorbed by the test device completely.
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Organic Thin Film Transistors (OTFT) are attracting
much attention to the special applications such as flexible
display, smart card, and RF tag, which are difficult to
achieve by the conventional Si devices due to the solid
property of Si and the cost of fabrication'®. OTFTs are
under worldwide investigation mostly focusing on
improvement of field effect mobility. In this work, we
report on the electrical characteristics of the OTFE irradiated
by cobalt-60 source having gamma radiation with 1.33 MeV
and 1.17 MeV energy at room temperature.

Figure 1 shows the schematic structure of the OTFTs
used in this study. Two kinds of gate insulators, thermally
grown SiO, films and coated polyimide on
heavily-doped n-type silicon wafer were prepared. The
thickness of both SiO, and polyimide were 300 nm.
The polyimide was LX-5800-6, Hitachi Chemical DuPont
Micro Systems, Ltd. After this gate insulator was formed,
pentacene (C,H4) films with a thickness of approximately
50 nm as a semiconductor layer were deposited by thermal
vacuum evaporation at an estimated deposition rate of
0.2 nm/s.
deposition was usually below 10 Pa. The pentacene was
purchased from Wako Pure Chemical Industries, Ltd., and
used without further purification. Then, a gold film with
the thickness of approximately 50 nm was thermally
evaporated through a shadow mask to define the source and
drain contacts. The defined channel length L and width W
were 50 um and 2 mm, respectively.

spin

The vacuum pressure before the pentacene

L: Channel Length (50 pm)

Electrode Width (250 pm)

m

Pentacene

Polyimide, or SiO:

n* Si

Fig. 1 Schmatic of the fabricated pentacene-based
organic thin film field effect transistors.

The OTFTs were irradiated with **Co y—ray up to
1,200 Gy(Si) at a dose rate of 200 Gy/h at room temperature
under the dark condition at JAEA Takasaki. No bias
voltage was applied to the devices under irradiation.
The relationships between the drain current Ip and the
drain-source voltage Vpg were measured before and after
irradiation to evaluate the radiation damage using a
Semiconductor Parameter Analyzer (4156B).

Figure 2 shows the variation of the carrier mobility
normalized to its pre-irradiation value as a function of
total-dose.  For OTFT with SiO, gate insulator, the
mobility continually decreased to nearly 20 percent when
the total dose reached 1,200 Gy (Si). For PI gate insulator,
when the total dose reached 600 Gy (Si) the mobility
decreased to nearly 70 percent.

0.8 o Pl .

0.6 4 . e

0.4

MNormalized Mobility

0.2 4
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200 400 600 800 1000 1200
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Fig. 2 Variation of the carrier mobility normalized to the
pre-irradiation value as function of total dose.
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The nitrogen vacancy (NV) center (S=1) in diamond is a
potential candidate for solid-state quantum processor
operating at room temperature (RT). Using single spins of
single centers as qubits, NV can be initialized and readout
optically at RT. NV has an extraordinarily long coherence
time (T,) at RT. Native NV which is grown-in defect gives
T,=1.8 ms at RT in a '>C (I=1/2, natural abundance 1.11%)
depleted (0.3%) high-purity CVD single crystal ",

One of scalable structures is a liner array of NV centers
in which 2-qubit CNOT gate using dipole-dipole interaction
between each pair of adjacent NV centers is utilized as a
universal gate. Desirable distance is ~50 nm, which is
determined by resolution of optical readout of individual
spins and by feasibility of fabrication using ion implantation
techniques. The weak dipole-dipole interaction
(gefe/r* ~ 0.42 kHz for r=>50 nm) requires challenge of
diamond growth to lengthen T, by higher '*C-enrichment.
Additional problem is that T, of the NV centers produced by
ion-implantation has been shorter by an order of magnitude
than the best (0.65 ms) of natural abundance sample which
is determined by the local field fluctuation due to "*C
nuclear spin flip-flops. Also, the sufficiently high yield is
critically important for the position-controlled fabrication.

In the present work, high yield of ~100% and T,
exceeding ~1 ms have been attained for the NV centers
produced by 10 MeV ion implantation.

By thermal annealing after N ion implantation, the NV
centers are created by diffusion of vacancies to the
implanted N atoms occupying the substitutional site. The
vacancies created by implantation also form vacancy
clusters as residual defects, which have mostly unpaired
electrons and shorten the coherence time. Firstly, to obtain
the optimum annealing temperature, the high-purity CVD
crystals (Element6, electronic grade) were implanted with N
ions at energies between 4 and 13 MeV (7-hold implantation
with 1x10" ecm™ at each energy) at elevated temperatures
(800 to 1,200 °C). The NV/NV’and the residual defects
are characterized by PL and EPR, respectively. In the high
temperature implantation (i.e. in-situ annealing) experiments,
the concentration of the residual defects of vacancy-chain
type decreased as the in-situ annealing temperature
increased. However, the formation of the NVN center is
noticed above 1,100 °C.

Secondly, a crystal with '>C enriched to 99.99% was
implanted with microbeam (diameter ~1 pm) N ions
(10 MeV) in a two-dimensional array (distance of 4 um) of
spots at RT. The number of incident N ions per one spot
was controlled by single ion hitting technique. After the
implantation, the sample was annealed at 1,000 °C. The

yield of the NV center is obtained by counting the NV
centers created in each spot against the number of N ions
implanted in each spot. The scattering of the locations of
NV centers created in each spot, which is determined by the
beam profile (~1 um) and the straggling, is not large to be
resolved by the confocal microscope imaging (Fig. 1). We
employed GSD (ground state depletion) imaging which
gives sufficient resolution (~30 nm) to measure the number
of NV centers created in each spot instead of taking
fluorescence photon autocorrelation (Fig. 1). In the case of
implantation of five N ions per spot,~100% yield has been
attained.

The coherence time of individual NV was measured by
confocal microscope fluorescence detected pulsed EPR
using two-pulse sequence. The coherence time measured
exceeds ~1 ms. Thus, the coherence time of the NV
produced by implantation has been greatly improved.

Fig. 1 Confocal (a) and GSD
(b) imaging of micro-beam
N ion (10 MeV, 5 ions per

spot of 4 um step)
implanted '’C  99.99%
enriched CVD  single

crystal diamond.
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Luminescence Properties and Ion-Beam-Induced

Damage in Rare Earth Ion Doped AlGaN

A. Wakahara ¥, H. Okada®, J. -H. Park ¥, S. Sato ® and T. Ohshima ?

2) Toyohashi University of Technology,
® Environment and Industrial Materials Research Division, QuBS, JAEA

Luminescence properties and effects of ion-beam-induced damage were studied in rare earth ion (REI) doped AlGaN.
In this study, Terbium (Tb) was chosen as REI, and was implanted into AlGaN at JAEA at various doses of 1x10'2-2.8 x

10'® Tb/em?.
when the dose exceeds 5 x 10" Tb/em?.

Rutherford backscattering spectrometry/channeling study showed steep increase of ion-beam-induced damage
On the other hand, cathodoluminescence (CL) result showed initial increase of

intensity related to Tb*" transition, and exhibited saturation above a dose of 1x 10"> Tb/cm®. These results suggest that
Tb-related luminescence properties are much susceptible to the defects and non-radiative defects.
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Fig. 1 RBS/channeling spectra for AIGaN:Tb in the
range of 1 x 10™-1.4x 10'® Tb/cm?.
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In order to measure the Single Event Effect (SEE)
mapping on semiconductor devices, we are developing the
lon Photon Emission Microscopy (IPEM) by using
highly-sensitive cooled Charge Coupled Device (CCD)
Camera and the Image Intensifier (I.I.). The system
contains a beam extraction window (Kapton film) under the
mirror, a sample (phosphor on Si diode) on micro XYZ
stage, an electronics for charge measurements including
amplifier, bias supply and oscilloscope, and a photon
detection equipments including the microscope (Olympus,
BX51M), I.I. (Hamamatsu, C8600), and cooled CCD
camera (Hamamatsu, C4880-50-26A). lon beams
accelerated by the AVF Cyclotron are extracted from
vacuum to air via the Kapton film. Extracted ions
penetrate the phosphor on diode. The photons from the
phosphor are detected by the cooled CCD camera. At the
same time the ion induced charge in diode is recorded by the
oscilloscope. The position where ion strikes the sample is
recorded together with the ion induced charge. In the
previous study, ZnS(Ag) has been used as the phosphor.
Figure 1 (a) shows the image of cooled CCD when
150 MeV Ar ions penetrate ZnS(Ag). Three spots are
detected and each spot can be distinguished. The diameter
of spot is about 40 um. The position where ion hits the
sample can be calculated from the center of mass of each
spot.  Since the spot size determines the resolution of map,
it is necessary to find the another luminescence sheet.

Objective x20
Ar-150MeV
ZnS(Ag)

Objective x20
Ar-150MeV
cdwo,

Objective x20
Ar-150MeV
YAG:Ce

Objective x20
Ar-150MeV
Diamond

Branson et al., reported that YAG:Ce is the most
promising materials as a phosphor from the point of view of
the luminescence intensity, the decay time, and the radiation
hardness?. The maximum resolution of about 5 pm has
been achieved by using YAG:Ce. We measure the ion
luminescence from CdWO,, YAG:Ce and Diamond as
shown in Fig. 1 (b). For CdWOQO,, the intensity of
luminescence is very weak and the spot size is larger than
that of ZnS(Ag). For both YAG:Ce and diamond, the
minimum spot size of about 8 um is observed. Only for
YAG:Ce the spread spots are detected. The intensity of
luminescence from Diamond is higher than that from
YAG:Ce. According to these results, we suggest that both
Diamond as well as YAG:Ce are suitable for IPEM from the
point of view of higher spatial resolution.
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First-Principles Molecular Dynamics Simulation of

SiO,/SiC Interface of Silicon Carbide Devices (II)

A. Miyashita and M. Yoshikawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Silicon carbide (SiC) devices are expected to be applied
in severe environments such as outer space and/or nuclear
power plants. The performance of SiC metal-oxide-
semiconductor (MOS) devices to date has not reached the
value theoretically expected. This is considered to be
attributed to defects generated at the SiO,/SiC interface that
degrade the electrical characteristics of the MOS devices.
Recently, the special attentions have been made for the
amorphous SiO,(a-Si0,)/4H-SiC interface on the C face,
since it was reported by several groups that the field-effect
mobility at the interface on the C face is higher than that on
the Si face”. However, no report has been found for the
improvement mechanisms of the mobility on the C face.

Last few years, we developed large-scale simulation
technique of a-Si0O,/4H-SiC interface on the Si face in actual
MOS devices and successfully obtained the theoretical
a-Si0,/4H-SiC interface on the Si face involving various
types of defects on a large-scale computer”. In this work,
we report the development of simulation technique of the
a-Si0,/4H-SiC interface on the C face. The final goal is to
clarify the improvement mechanisms of field-effect mobility
on the C face by computational science techniques.

A simulation of a-SiO, on the C face of a 4H-SiC
substrate in actual MOS devices was carried out on
large-scale computer using the first-principle molecular
dynamics calculation, in which Vienna ab-initio Simulation
Package (VASP)® was employed as a calculation code.
On the basis of an atomic network of beta quartz (-SiO,)
connected on the C face of 4H-SiC crystal, a slab model was
The O atoms on top of B-SiO,
and C atoms on bottom of 4H-SiC crystal were saturated by
H atoms. The number of Si, C, O and H atoms in the slab
model is 252, 144, 216 and 36, respectively. The
theoretical a-SiO,/ 4H-SiC interface on the C face was
created on computer by applying the heating and quenching
method to the slab model for which a periodic boundary

prepared for the simulation.

condition was adopted. To prevent the electronic cloud on
the top and the bottom of the slab model from overlapping
due to the periodic boundary condition, the vacuum layer
spacing 1 nm was inserted on top of B-SiO, in the slab

model. Figure 1 shows the temperature profile of the
heating and quenching process. At first, only the atoms of
B-SiO, were heated theoretically at 4,000 K for 3 ps. The
rest of atoms in the slab model were kept frozen in order to
maintain SiO, at a constant volume. After cooling down to
3,500 K, the H atoms on top of SiO, were removed and the
2 layers of 4H-SiC substrate below the interface were
defrosted. Then the slab model was annealed at 3,500 K
for 1.3 ps to mix the atoms up well near the top of SiO, in
the slab model. Thereafter all atoms of 4H-SiC substrate
except for the H atoms on the bottom were defrosted, the
slab model was cool down to room temperature quite rapidly
at the quenching rate of -1,000 K/ps.

The obtained slab model was shown in Fig. 2.
Although abrupt a-Si0,/4H-SiC interface composed mainly
with C-Si bonds is formed by the simulation process
mentioned above, C dangling bonds and several different
types of bonds such as C-O and C-C are seen at the interface.
In order to estimate the effects of interface defects on the
electrical characteristics of MOS structure created using C
face, the density of state (DOS) at the a-SiO/4H-SiC
interface in Fig. 3 was derived. The energy level of defect
which originates in C-C bond at the interface is observed
around 0.2 eV above the edge of valence band. It is
considered that the energy level generated near the edge of
conduction band is related to the degradation of field-effect
mobility®. It is suggested that the C-C bond at the interface
does not have significant influences in the degradation of
MOS devices fabricated using C-face. Therefore, further
computational experiments are necessary for the interface on
the C face of 4H-SiC substrate to reveal the improvement
mechanisms of field-effect mobility on the C face.
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1. Introduction
A tridentate extractant,
diglycolamide (TODGA) has
actinides such as americium and curium from nitric acid into
n-dodecane.

N,N,N’,N -tetraoctyl-
high extractability for

Alpha-Radiolysis study of the organic
extractants using an actinide radionuclide has some
experimental difficulties.
exposure to actinides is required, and the extractants are
contaminated with the radionuclide.

study D these issues were solved by irradiation with helium

For example, a long-term

In the previous

ions provided by an accelerator. It was also found that the
radiation chemical yield for the degradation of TODGA in
n-dodecane by helium ions corresponding to the
alpha-particles was less than that by gamma-rays.

In order to prove an effect of linear energy transfer (LET)
on the radiolysis of TODGA in n-dodecane, the influence of

energy of helium ions was investigated in this study.

2. Experimental

The solution of TODGA in n-dodecane was irradiated
with helium ions according to the schematic diagram of the
The thickness of the
sample was larger than the penetration range of the ions.

irradiation system shown in Fig. 1.

Incident energy of the ions on the surface of the sample was
attenuated by aluminum foils, and determined by silicon
semiconductor detector. Absorbed dose was estimated on
the assumption that whole the incident energy was given to
the sample, and the sample solution was homogeneous.
The sample was also irradiated with ®Co gamma-rays for
comparison of the degradation efficiency between helium

ions and gamma-rays. The concentration of TODGA

(vacuum)
(He atmosphere)

\Ti foil

Kapton film N Sample

Fig. 1 Schematic diagram of the irradiation system.

before and after irradiation was determined using a capillary
gas chromatography equipped with a flame ionization
detector.

3. Results and Discussion

The concentration of TODGA in n-dodecane after
irradiation ~ with  helium ions or gamma-rays is
logarithmically plotted against dose in Fig. 2. This figure
shows the degradation efficiency increases with the incident
energy of helium ions, and the decay curve for 99.1 MeV
helium ions is close to that for gamma-rays. Furthermore,
the number of molecules of TODGA decreased by the single
helium ion was obtained at various incident energies, and
the differential G-value was estimated by differentiating the
fitted curve of the number of molecules against energy.
It was observed that the differential G-values increased with
increasing energy or with decreasing LET value.

These

decreases with increasing LET value.

results indicate the degradation efficiency
Because the
transient species are densely produced in the track by high
LET radiations, and then decreased by recombination in the

track at very early time.
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Fig. 2 Degradation of TODGA in n-dodecane by
irradiation with helium ions at various incident
energies and gamma-rays.
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Confirming Performance of Expanded Bed for

Chromatographic Separation by Gamma Irradiation
Experiment

S. Watanabe, K. Nomura, Y. Sano and Y. Koma

Advanced Processing Unit, ANSRD, JAEA

For separation of americium and curium from highly
solutions,  extraction chromatography
technology is useful, although it also brings inherent
technical issues of hazardous gas generation by radiolysis
and plugging due to foreign solid particles V.  The
expanded bed technique is a counter measure by discharging

active  waste

gas and solids more easily than the conventional stationary
bed.

An expanded bed is formed by a flow of mobile phase to
float adsorbent at its constant density”. The column of
20 mm of ID was used to obtain such an apparent stationary
phase of 6 g adsorbent with a 6.2 cm height that is
dynamically sustained by a flow of 4 cm/min. As shown in
Fig. 1, the bed is sparse and the density of adsorbent is
almost a half of a packed column. The adsorbent used was
a composite with styrene—divinylbenzene polymer.

Fig. 1 Appearances of the expanded bed (up) and the
packed bed (down).
phase were upward and downward for the
expanded bed and the packed bed, respectively.

Flow directions of mobile

The column system was operated and irradiated with
gamma-ray at a dose rate of 3.9 kGy/h for 16 hours. Gas
generation from radiolysis was not observed within the
column as well as the gas trap, and discharged from the
system. This is owing to absorption of hydrogen and
oxygen by the mobile phase and their discharge afterwards.

Without pumping water, gas generated was stayed in the
stationary phase and at the top of the column. After
restarting the flow, the gas was again transported and
successfully trapped. This indicates that an accidental halt
of the system results in holding gas inside the column,
although the resumed mobile phase will safely discharge the
hazardous gas.

Water containing the simulated particle and copper as a
tracer was fed to the column during irradiation. Elution
profile of Cu shows no influence from foreign particles that
flows through the expanded bed as shown in Fig. 2.
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Irradiation Effect of Gamma Rays on Cyanate

Ester/Epoxy Resins (2)

A. Idesaki®, H. Uechi®, S. Matsuda® and H. Kishi®
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Various organic materials are used as electrical insulators
The
organic materials are required to possess sufficiently high

for equipment in the atomic energy related facilities.

radiation resistance in order to realize safe and stable
operation of the facilities. For example, the electrical
insulators of superconducting magnet system in the J-PARC
muon beam line are required with radiation resistance of
several ten MGy.

Recently, cyanate esters which show excellent properties
such as high thermal resistance, low dielectric constant, low
absorbency, and so on, have attracted attention as high
radiation resistant materials. However, they have
drawback of low formability due to high melt viscosity and
In order to

lower the melt viscosity and curing temperature and to

relatively high curing temperature (~270 °C).

improve the formability, the co-reaction of cyanate esters
with epoxy resins has been adopted. In this reaction,
cyanate esters and epoxy resins form crosskinking. We
have reported about superior radiation resistance of cyanate
ester / epoxy resins ", and the materials are expected to be
applied for the superconducting magnet systems of J-PARC,
ITER, and so on.
cyanate ester / epoxy resins by the radiation has not been
clarified.
Cyanate ester / epoxy resins was investigated in the view

However, the degradation mechanism of
In this work, the degradation mechanism of

point of gas evolution, change of density, and so on.

Dicyanate of bisphenol A (DCBA) and diglycidyl ether
of bisphenol A (DGEBA) were formulated by 50/50 in
weight (referred as DCBA/DGEBA). The prepared resins
were irradiated by “°Co gamma-rays with dose of 100 MGy
(10 kGy/h) under vacuum at room temperature.

Figure 1 shows evolved gases from the resins after the
gamma-ray irradiation. The main gases evolved from
DCBA/DGEBA were hydrogen (H,), carbon dioxide (CO,),
carbon monoxide (CO), while the CO, and CO gases were
hardly evolved from pure DCBA. The CO, and CO from
the DCBA/DGEBA are evolved by the chain scission of
structures such as alkylcyanurate, alkylisocyanurate and
alkyloxazolidinone which are formed between cyanate ester
and epoxy in the co-reaction, because it was found by "*C
NMR that the number of alicyclic groups and aliphatic chain
groups decreased after the irradiation (results are not shown).
This indicates that the radiation degradation of
DCBA/DGEBA occurs in the crosslinking cite.

Figure 2 shows the change of density of DCBA/DGEBA
Both the density of DBCA/DGEBA
and pure DCBA increased slightly after the irradiation.

after the irradiation.

This is probably attributed by the increasing in the packing

density of molecular chains which is caused by the scission
of local chemical bonding during the irradiation under
vacuum.

In this degradation mechanism of
DCBA/DGEBA by gamma ray irradiation was investigated.
It was found that the radiation-induced degradation of
DCBA/DGEBA occurs in the crosslinking cite where the
structures such as alkylcyanurate, alkylisocyanurate and

work, the

alkyloxazolidinone are formed during the co-reaction.
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Effects of Antioxidants on the Degradation of

Flame-Retardant Ethylene Propylene Rubber
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In nuclear power plants (NPPs), many cables are used for
electric power supply to instruments, transmission of signals
and so on. The insulation of cables is made of polymers
such as flame-retardant ethylene propylene rubber (FR-EPR),
crosslinked polyethylene, silicone rubber and so on. The
insulation of cables is degraded gradually under heat and
radiation condition. Various additives are added to the
insulation of cables to improve this property.  The
antioxidant (AX) is added to FR-EPR to decrease the
oxidation degradation. In our previous studies, AX was
found to be the key agent for the determination of lifetime".
A small content of AX was very effective to reduce the
thermal ageing, but not so much to the radiation ageing.
The content of AX in the polymer decrease gradually by
evaporation during thermal ageing and by radiation
degradation. The rate of decrease is dependent on the
molecular characteristics of molecular weight and structure.

In 2010 studies, two types of AX were selected, low
molecular weight (Nocrac 200; Mn: 220) and high
molecular weight (Nocrac MB; Mn: 300)?. Each AX was
formulated in FR-EPR samples (1 mm sheet) with different
content (0.0, 0.3, 3.0 phr). The samples were irradiated by
Co-60 y-rays in air at 175 °C, at a dose rate of 1.0 kGy/h, for
25-100 h (25-100 kGy). Irradiation is conducted at
Takasaki Advanced Radiation Research Institute. The
degree of degradation was measured by tensile tests.
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Fig. 1 Elongation at break by the irradiation of

FR-EPR containing Nocrac 200 (175 °C, 1.0 kGy/h).
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The value of elongation at break of FR-EPR is plotted
against the irradiation time in Fig. 1, which are containing 0,
0.3 and 3.0 phr of Nocrac 200. The addition of Nocrac 200
leads to a slight increase in the elongation at break. But,
the difference in the concentration of Nocrac 200 leads to
suttle difference in elongation at break.

The value of elongation at break of FR-EPR is plotted
against the irradiation time in Fig. 2, which are containing 0,
0.3 and 3.0 phr of Nocrac MB. The addition of 0.3 phr of
Nocrac MB leads to the increase in the elongation at break.
And, the increase in the concentration of Nocrac MB to
3.0 phr leads to more increase in the elongation at break.

One of the reasons why the efficiency of AX is different
between Nocrac MB and Nocrac 200 is lower volatility of
Nocrac MB. Most amount of Nocrac MB may be
remained in FR-EPR at the condition of 175 °C and 1 kGy/h
after the passage of 100 h.
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Fig. 2 Elongation at break by the irradiation of
FR-EPR containing Nocrac MB (175 °C, 1.0 kGy/h).
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Alpha-Ray Irradiation Damage on Materials

Applied for Glove Box for Plutonium Powder Treatment

K. Saito, K. Matsuyama and H. Endo

Plutonium Fuel Development Center, NFCEL, JAEA

Currently, for economical reasons, newly improved
long-lasting glove is desired and under development at
Plutonium Fuel Development Center (Pu center), Tokai,
JAEA. For the basic step of the development, helium ion
irradiation experiments have been conducted in order to
evaluate a-ray effects against the glove rubber material. In
these experiments '™, effects of dose (fluence) by ion were
come to light as the major factor of material deterioration.
Then, both another glove and a vinyl bag were investigated
additionally. These two types of materials are commonly
used on non-severe conditions at glove boxes.

One of sample material is chlorosulfonated polyethylene
(CSM) glove which SANKO CHEMICAL INDUSTORY
Co. Ltd. manufactures. The other is vinyl chloride sheet
whose color and degree of polymerization are yellow and
2000, respectively. JIS K 6251-7 dumbbell-shaped pieces
cut from the materials were irradiated in a vacuum with
*He®* ion beam generated from 3 MV tandem accelerator in
TIARA. The kinetic energy of the accelerated ion was
5 MeV close to the average energy of a rays emitted from
plutonium isotopes. Main parameter was fluence and this
was set at the level of 0.1 ~3 years by 2.9 MBg/cm® of
a-contamination, i.e. 0.46 ~ 14 x 10" cm?  Since the
deterioration-promoting effect by y-ray
irradiation is known, a stress parameter on sample was
additionally set as 100%-“elongated” for CSM material.
Flux, duration, the corresponding absorbed dose and its rate
were 4.9 ~ 10x 10 p/cm%s, 1~46 min, 0.7~20 MGy and
41 ~44 MGy/h, respectively. Four sample pieces were
simultaneously irradiated for one condition (fluence and
stress) and the irradiated samples are sent to visual
inspection and two tensile tests: tensile strength and
elongation at break.

There are no differences observed in surface appearance
for both CSM and elongated-CSM. Figure 1 shows
irradiated elongated-CSM samples and vinyl samples.
Elongated-CSM samples showed “curl” because of surface
hardening and vinyl samples became amber.

The results of tensile strength and elongation at break are
shown in Fig. 2 and 3, respectively. Tensile strength of
both CSM and elongated-CSM rapidly decreases with
fluence in compare with other glove candidate materials
measured so far. Another characteristic feature of CSM is
that the both results are not monotonously decrease.
Additionally, there is clear difference between CSM and
elongated-CSM at maximum fluence experimented.

The results of tensile tests suggest that the CSM is
unsuitable for high-radiation-dose ambient in view of not
only the radiation exposure of workers but also the

under stress

a-radioactive endurance of material.  Vinyl material
deterioration data can be used for the validity evaluation of
the present service life of the material and its protraction.

The obtained data are unexampled and quantitative ones
for a-damage of glove and its material.
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Fig. 1 Photographs of irradiated samples with fluence of
1.4 X 10" cm™(left, elongated CSM) and 4.6 X
10" em™ (vinyl, tensile-tested).
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Fig. 3 Results of elongation at break.
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Development of an Observation Technique Using a

Fiberscope under High Radiation Doses

H. Naito”, W. Itagaki®, C. Ito ¥, A. Nagai?, Y. Okazaki®, R. Kitamura ,
N. Shamoto® and Y. Takeshima ®

2) Ex)perimental Fast Reactor Department, ORDC, JAEA,
E Applied Optics Products Division, Fujikura Ltd.

A high radiation resistant fiberscope has been developed
for the sodium cooled fast reactor in-vessel observation
which has to be conducted under high temperatures and high
radiation doses. The in-vessel repair activities in the
experimental fast reactor Joyo take several weeks at
300 Gy/h".  This environment requires the fiberscope to be
durable until 5x10° Gy. The current image fiber consists
of pure silica core with 200 ppm hydroxyl (OH) and
fluorine-doped  silica clad. The radiation-induced
transmission loss of this fiber is 10 dB/m at 5x 10° Gy.

The OH associates with a Si which has unpaired
electrons. This blocks the formation of a color center.
The OH concentration in the core was increased from
200 ppm to 1,000 ppm. The prototype fiber consists of a
pure silica core with 1,000 ppm OH and fluorine-doped
silica clad. The acrylate is weak against the gamma
irradiation and it is used as the clad material of the current
light guide fiber. Hence the clad material was changed to
fluorine-doped silica.

A gamma-irradiation test was carried out under 5 X
10° Gy/h using a ®*Co source at 200 °C to confirm the effect
of the improvement.

At 5x10° Gy, a large absorption at 630 nm was observed
and we could not measure the transmitted power at the top
of the absorption peak by the non-bridging oxide hole center
(NBOHC). We modeled the generation of the NBOHC ?
as shown in Fig. 1 to evaluate the radiation-induced
transmission loss at 5x 10° Gy.

The radiation-induced loss is approximated by the
summation of the linear part which is attributed to the
quantitiy of the precursors generated by gamma-rays and the
exponential part which is attributed to the quantity of the
precursors existed before irradition. The linear part of the
equation for an improved fiber is almost 0, and it indicates
that OH inhibits the generation of the NBOHC by gamma
irradiation. We evaluated the induced loss for visible
region (400 - 700 nm) using the spectrum of the light source,
the radiation-induced loss at each wavelength, and the
quantum efficiency at each wavelength of a CCD. The

7~ Si0,

S|_O\\S| Absorb light at
bond breaking; k Gamma ra characteristic
D:-d Yy Wavelength(
Precursor (P=Py+kD) 2050
Py; initial quantity
hole trap; f — Color center (N)
=$i-0 - = =5i-0"
charge trap; r
\& = Z
Fig. 1 Model for evaluating radiation-induced loss by
gamma-rays.

results are shown in Fig. 2. Under the high dose irradiation,
the effect of improvement is appeared and the
radiation-induced loss of the modified fiber is saturated and
becomes 0.9 dB/m at 5x 10> Gy. It is possible to use this
fiber in the reactor vessel of Joyo because it is considered
that the irradiation length is about 3 m.

A mechanical strength of a fiber depends on an amount
of small flaws on the surface of the silica glass. In the
manufacturing process, an image fiber is coated with some
materials to prevent flaws from generating and growing.
To confirm the mechanical strength of the coated fiber after
irradiation of 5x 10° Gy at 200 °C, we measured the breaking
strength of the samples which were irradiated at various doses
by a tensile testing machine after the irradiation. The
strength was not varied for each sample (Fig. 3) and we
confirmed that there is no weakening the strength of the fiber
and no exfoliation of the coating from the glass.

We developed the observation technology using a
fiberscope under the 200 °C after 5x 10° Gy irradiation.

References

1) W. Itagaki et al., ANIMMA2009 (2009) 7.

2) K. Shibuya et al., Proc. Int. Wire Cable Symp. 31 (1982)
51.

4.0 T T T T

—®— OH 200ppm /.
35 |-A- OH 1000ppm| b
30 / E |
25 F / B

20 / 4

15+ R
Af

o5F a p

00

Induced Loss (dB/m)

0 1x10° 2x10° 3x10° 4x10° 5x10°
Dose (Gy)
Fig. 2 Induced loss of image fibers for the visible region.

8 T T T T

7k 4

6 4

2+ 4

Breaking Strength (kg)
£
T
.

1k Irradiation time (h) 1
40 80 120 160 200

0 } } f f
0.0 20x10°  40x10°  6.0x10°  8.0x10°

Dose (Gy)

1.0x10°

Fig. 3 Breaking strength for irradiated fiber samples.

_23_



JAEA-Review 2011-043

1-20

Electrification of Coaxial Cable Model

by Gamma-rays Irradiation

K. Takano . S. Ukon® ,0. Takeda ., N. Morishita © and H. Seito ¢

)Fuj ikura Ltd. ® Accelerator Division, J-PARC, JAEA,
)EnV1ronment and Industrial Materials Research Division, QuBS, JAEA,
Department of Advanced Radiation Technology, TARRI, JAEA

When the coaxial cable is put under the radiation environment, the coaxial cable takes charge.
possibility of influencing connected equipments and result of measurements.
In the present study, the structure of the coaxial cable is replaced

electrification of the coaxial cable as small as possible.
with a simple model.

the gamma radiation to this model, and measured the induced current.
In addition, it was confirmed that an inflection point was generated in the curve of the
measured current value when the thickness of sheet was 3 mm.

when the thickness of sheet thins.
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Fig. 1 Appearance of sample.
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This model has a structure with the polymer material sheet between copper electrodes.

Electrification has the
Therefore, it is preferable to suppress the
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As the results, the induced current became small,
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Gamma-Ray Irradiation Test of Centrifugal

Contactor with Magnetic Bearing System

H. Ogino, A. Sakamoto, K. Fujisaku, S. Koizumi and H. Hirano

Nuclear Cycle Engineering Department, NFCEL, JAEA

A centrifugal contactor has an excellent phase separation
and a smaller hold-up volume than any other contactor type
such as mixer-settler and pulsed column. Therefore, the
centrifugal contactor is said to be advantageous for
reprocessing a fast breeder fuel of high burn-up and high
Pu-enrichment . In JAEA, the rolling bearing type
centrifugal contactor with anti-corrosion design has been
developed. However, the grease becomes deteriorated by
radiation, acid mist, temperature and other environmental
factors, and that also affects the service life?. To provide
a possible resolution to this technical issue, we have
developed the centrifugal contactor of non-contact journaled
construction using magnetic bearings without grease *).

In order to convince radiation durability, gamma-ray
irradiation tests of magnetic bearing type centrifugal
contactors had been carried out. The present work is
intended to confirm radiation durability of the magnetic
bearing improved on basis of previous studies. Figure 1
shows the structure of magnetic bearing and the overview of
irradiated magnetic bearing type centrifugal contactors. A
magnetic bearing keeps a rotor to a center position by
measuring the gap between the rotor and the electromagnet
with the position sensors, and supplying the bias current
corresponding to the amount of change of the gap caused in
disturbances. Two sets of contactors were irradiated with
gamma-rays from ®Co source (dose rate; about 120 C/kg/h).
The contactors were driven without feeding a solution while
irradiated. The irradiation durability test was continued
until an abnormality occurred and the contactor stopped.

The No.l contactor stopped 2,018 hours after the
irradiation.  Similarly, the No.2 contactor stopped 2,389
hours later. As to accumulation dose, the No. 1 and the
No.2 contactor were 2.78 x 10° C/kg (1.08 x 10° R) and
2.88x10° C/kg (1.11 x10° R), respectively. These results
are accumulated dose which corresponds to 10 years
operation. Figure 2 shows the changes in the position
sensor maximum output of the magnetic bearing with the
irradiation time. The position sensor outputs show the
control results of the magnetic bearing, and its range was set
at £1 V. The outputs were little change within 0.2 V until
1800 hours. After the irradiation time passed 1800 hours,
the position sensor maximum output of the lower radial
magnetic bearing increased gradually. As shown in Fig. 3,
immediately before the stop, the position sensor output of
lower magnetic bearing changed intensely. Therefore it
was reasoned that the stop of the No.2 contactor was
attributed to the sensor abnormality of the lower magnetic
bearing. After the irradiation durability test, the contactors
were dismantled for a detailed investigation. As a result, it
was seen that the cable covering (polyimide) deteriorated

with both the contactors. And an abnormal insulation
resistance and electric strength were measured with the
radial position sensor cables of the two contactors. Based

on these results, it was presumed that the stop cause of the
magnetic bearing was the sensor abnormality due to the
radiation

insulation failure that originated in the
deterioration of the cable covering.
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In radiation controlled areas, penetration such as walls where cables and cooling water pipes go is required to be airtight in

order to maintain negative pressure of air-conditioning.

In the original airtight processing method, radiation-proof materials
have not been applied to the penetration, which would lead to the deterioration.

In this study, the airtight performance

examination was carried out with an aim for the development of a new method which enables both airtight and radiation

hardness.
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Development of Radiation-resistant Lighting
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®) Department of Advanced Radiation Technology, TARRI, JAEA

There are a lot of restrictions of electric installations in a high radiation environment.

For example, longevity of electric

devices would be shortened remarkably, because of difficulty for lightning equipments in keeping an original function under
such condition due to deterioration of insulation resistance of ballasts, luminous flux decrease of lamps and so on.
This paper reports on examination of the functionality and safety under three-year gamma-ray irradiation conditions for our

developed radiation-resistant lightning.
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Evaluation of Hydrogen Formation by Gamma-ray

Irradiation in Sodium Nitrate Solution
with TiO, Colloids

T. Motooka, Y. Ishijima and M. Yamamoto

Division of Fuels and Materials Engineering, NSED, JAEA

1. Introduction

It is known that titanium and titanium alloy get brittle by
hydrogen adsorption.
hydrogen gas released from nitrate solution by gamma-ray
irradiation was analyzed as an elemental examination for

In this paper, the amount of

evaluating hydrogen embrittlement of equipments made of

titanium alloy like a plutonium concentrator in a
The relation between the nitrate

concentration and the amount of the hydrogen gas was

reprocessing plant.
summarized.

2. Test procedures

Test solutions are sodium nitrate solutions made from an
Some solution
was added TiO, powder. A 5 mL of
solution was put in the vial container of 22 mL in capacity.
We irradiate the solution with gamma-ray at a rate of

analytical grade reagent and distilled water.
It formed colloids.

1000 : T T T T
I ~7.6kGyatRT
800 5
S 600.
e [
ERE
> 400 o
<+ I
I [ ]
200 | ®
0 [ | | | | |
0 1 2 3 4 5 6
NaNOs / mol-dm™
Fig. 1 Concentration of hydrogen gas and NaNO;.

~7.6 kGy/h.
hydrogen gas released from nitrate solution by gamma-ray

After the irradiation, the amount of the
irradiation was analyzed by gas chromatography.
3. Results and discussion

Figure 1 shows the relation between the concentration of
sodium nitrate solution and hydrogen gas released from

nitrate solution by gamma-ray irradiation. The
concentration of the hydrogen gas was decreased with
increase of nitrate sodium concentration. The

concentration was about 200 vol. ppm in 5 mol-dm™ sodium
nitrate solution. A similar result was observed in pure
nitric acid solution. It was suggested that nitrate anion
inhibits the hydrogen formation. As shown in Fig. 2, the

hydrogen gas formation was accelerated by addition of TiO,

powder. It was thought that the cause of the increase is the
catalysis of TiO,.
500
450 .76 kGy in 5M NaNOs with TiO2 1
400 | :
£ 350 1
g [ ([ ]
oS 300 F b
> [ ]
T 250°F ]
i L o ]
200 @ 1
150 |- :
100 ; /;/ I I I
0 0.01 0.1 1 10
TiO2 / mass%
Fig. 2 Effect of TiO, addition for H, formation.
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Gas Generation by Gamma-Ray Irradiation to

Polyethylene, Polystyrene and Cellulose Resin

K. Saito

Plutonium Fuel Development Center, NFCEL, JAEA

At 23rd July 2010, a fire accident broke out in Plutonium
Fuel Development Center (Pu Center), Tokai, JAEA. The
fire was occurred from the cylindrical container of stainless
steel in a glove box which loaded uranium and plutonium
compounds. In order to clear up the cause of the fire, Pu
Center studied it from all angles. For one of the possible
causes, some inflammable gas and/or hydrogen gas were
deduced to be generated from irradiated plastic cases and/or
cellulose resin which are organic substances in the stainless
container. The plastic cases, which were used to reposit
nuclear materials, are made of both polyethylene (PE) and
polystyrene (PS). The both polymer was known to be
decomposed by gamma-ray irradiation and generate
hydrogen gas, whose quantitative evaluation as absorbed
dose was reported 2. As for PE, other gases such as
carbon oxides, methane and ethane are also generated.
Cellulose resin was used for binder of uranium and mixed
nitride powder, but gas generation from cellulose resin by
gamma-ray irradiation has not been reported. Then, in
order to demonstrate and investigate hydrogen and
inflammable-gas generation from polymers and cellulose
resins, gamma-ray irradiation to the materials and the
analysis of the generated gaseous substances
performed.

Figure 1 shows sample materials of PE (cap) and PS
(mixture of cover and body) of plastic case, and cellulose
Because expected gas yield is not much, plastic case
was fragmented and charged within a syringe as much as
possible.  Cellulose resin in which volatile solvent is
blended was totally dried. The mass of encapsulated PE,
PS and cellulose resin per syringe are 3.1, 16 and 0.35 g,
respectively. An adopted glass syringe with a
stainless-steel gas valve is for gas chromatograph and shown
in Fig. 2. The reasons of the adoption of the glass syringe
with a little metal are below. First, inorganic and metal
materials hardly generate gaseous substances by gamma-ray
irradiation and make unnecessary background. Second,
though metal stuff possibly works as a shield, such little
mass of a valve does not. The syringes are filled with
argon gas for inorganic gas (hydrogen) detection, and
additional syringes for cellulose resin are filled with helium
gas for organic gas detection. The syringes including each
sample were irradiated with gamma ray from **Co source up
to 30 kGy and the dose rate was 10 kGy/h. Alanine
dosimeters were used to evaluate the absorbed doses. In
order to evaluate background gas generation from volatile
cellulose resin, dummy syringes without irradiation were
prepared.  After irradiation, the clearance between the
cylinder and the piston rod of a syringe were sealed up with

were

resin.

glycerol, and sent to gas-chromatography analysis which
was executed by Sumitomo Metal Technology, Inc.

Table 1 shows the result of hydrogen gas generation ratio
and other reference values. The values of PS and PE are in
good agreement in order with the reference ones. For
cellulose resin, the background is under the detection limit
and even the foreground is practical detection limit.
Therefore, only upper limit was known in regard to the
cellulose resin.  Other gases were generated just a little.

In conclusion, enough inflammable gas generation as the
cause of the fire was denied taking account of the mass of
plastic cases and cellulose resins, and its estimated absorbed
dose in the stainless container.

References
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Table 1 Results of hydrogen gas generation ratio.
Sample H, gas generation ratio
(mol/g/kGy)
Present ref.

PE 3.50x107 [ 4.66x107
PS 3.48x107 [ 2.66x107 ?
Cellulose resin <8x10” )
(dummy, background)

Cellulose resin (foreground) 8x107 -

__-polyethylene

cellulose resin

Fig. 1

Photographs of irradiation samples.
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Fig. 2 Photograph of a syringe for gas chromatograph.
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Studies on Microstructure and Elemental

Distributions of Barrier Materials for Geological
Disposal of Radioactive Waste

Y. Tsuruta a), D. Yamasaki a), N. Miyasaka b), T. Kozaki c), S. Sato c),
N. Kozai ¥, M. Koka®, T. Satoh® and T. Kamiya®

? School of Engineering, Hokkaido University, ® Graduate School of Engineering, Hokkaido University,
2 Faculty of Engineering, Hokkaido University, 9 Advanced Science Research Center, JAEA,
2 Department of Advanced Radiation Technology, TARRI, JAEA

A compacted Na-bentonite, of which major mineral is
Na-montmorillonite having high swelling ability and low
hydraulic conductivity, is a candidate buffer material in
geological of high-level waste.
However, Na-bentonite would change if its exchangeable

disposal radioactive
cations of Na" are replaced with Fe** which can be released
from corrosion of carbon steel waste containers. Therefore,
the performance as the buffer should be evaluated in a
proper way not only for Na-bentonite but also for
Fe(I)-bentonite. In this study, diffusion behavior of CI’
ions was studied for Fe(III)-montmorillonite, which can be
easily handled in the ambient atmosphere as an analogous
for Fe(Il)-bentonite. elemental
distributions in Fe(Il)-montmorillonite were analyzed by
micro PIXE method.

The Fe(II)-montmorillonite sample was prepared from

material In addition,

Na-montmorillonite(Kunipia-F, Kunimine Industries Co.
Ltd.) by the ion-exchange of Na' with Fe(IIl) in FeCl,
solution. Excess salt in the sample was removed by
washing with dilute solution of hydrochloric acid followed
by distilled water. Non-steady diffusion experiments were
carried out using the Fe(IIl)-sample and *°CI” tracer. The
Fe(IlI)-sample was compacted and saturated with distilled

water at a dry density of 1.6 Mg m™.

After a prescribed
time for diffusion at the different temperatures from 288 to
323 K, the Fe(Ill)-sample was cut into 0.5 mm-thick-slice,
and the radioactivity of *°Cl in each slice was determined
with a liquid scintillation counter. Apparent diffusion
coefficient of ClI" was obtained from the concentration
profile of **Cl in the sample by assuming the diffusion in an
Micro PIXE

analyses were conducted for the Fe(Ill)-samples which had

infinite media from a thin source of tracer.

been suspended in non-radioactive NaCl solution of
10 mmol/L under the liquid/solid ratio of 150 for 2 d.
Detail procedures of the sample preparation for the micro
PIXE analyses were described elsewhere V.

diffusion
coefficients of CI ions in Fe(Ill)-sample at the dry density

Temperature  dependence of  apparent
of 1.6 Mg m” were shown in Fig. 1, together with those in
Na-sample reported elsewhere P It was found that the
apparent diffusion coefficients of CI ions in Fe(III)-sample
were lower than those in Na-one by a factor of 1/7~1/3. In
general, diffusion pathway of anions in compacted bentonite

is considered to be restricted due to electrostatic repulsive

force  between anions and negatively charged

montmorillonite sheets, i.e. “anion exclusion effect”.
According to the electrical double layer theory, the anion
exclusion effect could be inhibited by the presence of
trivalent cations like Fe(IIl), resulting in higher hydraulic
conductivity ? and higher diffusion coefficient for anions.
In this study, however, lower diffusion coefficients were
obtained for Fe(Ill)-sample. It can be considered that the
diffusion coefficients was reduced by the sorption of Cl" on
ferric oxides (and/or hydroxide) which could formed in
Fe(IlI)-bentonite during the experiment. In the micro
PIXE analyses, however, no significant sorption was found;
no locally-accumulated Cl was identified in the
Fe(Ill)-bentonite ~ which had  been

non-radioactive NaCl solution.

suspended  in
Activation energy for CI’
diffusion in Fe(Ill)-sample obtained from the temperature
dependence was 11.4 kJ mol”', which is lower than that in
free water (17.4 kJ mol')® and that in Na-sample
(22.0 kJ mol™)?.
predominant diffusion pathway for CI" in Fe(IIl)-sample is

These findings suggest that that the

not large pores filled with free water, but spaces markedly
affected by the exchangeable cations, Fe(III).

107 O Fe(llD-bentonite (Dry density: 1.6 Mg m?)
A Na-bentonite (Dry density: 1.6 Mg m[2])
v Na-bentonite (Dry density: 1.2 Mg m~[2])

107 E

10" @\Q\@\Q J

Apparent diffusion coefficient (m’s™")

10*12 1 1 1 1 L L
3.1 3.2 3.3 3.4 3.5 3.6 3.7

T (x10°K™)
Fig. 1 Temperature dependences of apparent diffusion

coefficients of CI" in compacted Fe(IlI)-bentonite,

together with those for Na-bentonite ".
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Effect of Dissolved Hydrogen on Helium Ion beam

Radiolysis of Water
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High-level radioactive waste (HLW) is planned to be
In the
current Japanese design concept of the HLW disposal

disposed of in a deep underground repository.

system, a canister of HLW is encapsulated in a carbon steel
overpack. After the overpack finally loses its integrity and
the incoming porewater contact with the HLW (it is
typically assumed 10° years in performance assessment for
the disposal system in Japan), alpha-radiolysis would occur
and it is anticipated that radiolytic products such as H,O,
and O, may accelerate migration of radionuclides which are
more soluble and less sorptive to barriers in oxidized states.

Actual alpha-radiolytical process of groundwater would
be sensitive to some factors in the surrounding conditions
during system evolution. In particular, high concentration
of dissolved H, which may be produced due to anoxic
corrosion of carbon steel overpack would suppress radiolytic
formation of oxidizing species as expected from its effect
well understood for low-LET radiolysis of water. However,
Pastina and LaVerne observed no effect of the dissolved H,
on water radiolysis by 5 MeV He®' irradiation, while
homogeneous model calculation predicted total suppression
of H,0, formation".

Recently Trummer and Jonsson have suggested that the
effect of dissolved H, on high-LET radiolysis of water
would be absent at high dose rates. They have estimated
that the dose rate of the actual irradiation volume (1.2 pL :
beam spot size of 0.3 cm” and penetration depth of 40 pm)

in the experiment by Pastina and LaVerne is about four

1000 ¢
E | oAr(20na)
® H2(20nA)
OAr(2nA) o®
100 F | mH2(2nA) ®
] AAR(0.26nA) ‘
CT’: AH2(0.26nA) B
L A ]
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1 I Lol 1 Lol 1 L1
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Dose (kGy)
Fig. 1 Hydrogen peroxide concentration after helium ion

beam irradiation at different beam current: (open)
argon bubbled samples (solid) hydrogen saturated
samples.

orders of magnitude larger than the value averaged over the
whole volume of the samplez). At higher dose rates, H,O,
concentration increases linearly as its production rate is too
high to be suppressed by dissolved H,. In contrast, it is
expected that the dissolved H, would suppress formation of
H,0, in the case of low-LET radiolysis at sufficiently low
dose rates. To confirm this prediction we have performed
ion beam radiolysis of water at different dose rates by
changing beam current.

Sample cells were made of quartz (i.d.: 40 mm, depth:
5 mm, window thickness: 0.15 mm). Gas saturated
aqueous solutions were prepared by bubbling either argon or
Then
the sample cells were irradiated with *He?* jon beam
accelerated to 50 MeV by the AVF cyclotron.

energy was decreased to approximately 15 MeV by placing

hydrogen and they were transferred to sample cells.
Incident

aluminum sheets (0.6 mm thick) on sample cells. Ion beam
was scanned over 50 x 50 mm to cover the whole area of the
Beam current was varied from 20 nA to 0.26 nA.

H,0, concentrations were analyzed by either the triiodide

sample.

method for high concentration or leuco crystal violet with
peroxidase for low concentration®).

Figure 1 shows H,0, concentration after irradiation.
The concentration increased almost linearly with the
accumulated dose. There are little difference between
samples bubbled with argon and hydrogen gases, indicating
no effect of the dissolved hydrogen even at the lowest beam
current. The estimated dose rate at the lowest beam current
was ~90 Gy s in the irradiation volume (23 pL : beam
radius of 0.5 cm and penetration depth of 290 um).
Although this value is two orders smaller than the dose rate
in the irradiation volume of the experiment by Pastina and
LaVerne, the value may be still higher than the threshold
below which the suppression effect of dissolved H, would
appear.  Further experiments with lower beam current
density are planned to clarify the dose rate effect.

This study is a part of the project for assessment
methodology development of chemical effects on geological
disposal system funded by METI, the Ministry of Economy,

Trade and Industry, Japan.
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Microstructure and Stress-Strain Relations to Estimate
Mechanical Response of Austenitic Steel Components
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Neutron irradiation often introduces severe changes of
mechanical properties of structural materials. This affects
mechanical response of, for example, reactor core
components. A large amount of hot cell work, however,
will be required to examine mechanical response of
irradiated components experimentally. The methodology
to estimate mechanical response of the components based on
the knowledge of irradiation induced microstructural
changes and post irradiation mechanical properties has been
developed. Molecular Dynamics (MD) and Rate Equation
calculations to estimate microstructural change during
irradiation have been prepared. Also, Swift type constitutive
equation based on the semi-theoretical models on work
hardening of irradiated steels has been applied”?. Then, a
preliminary multi-scale method to estimate the mechanical
response of irradiated components has been presented.

One of the keys to calculate microstructural change is the
estimation of the number density of irradiation produced
point defect clusters (IPCs). For the modeling of IPC
formation and of the process controlling the number density
of IPCs, in situ observation of microstructural change during
irradiation of 200 keV Fe-ions has been conducted at
TIARA facility. Figure 1 shows damage microstructure
obtained during irradiation. Results including those by
fission neutron irradiation indicate that the number density
of interstitial type of IPCs(SIA-IPCs) is not sensitive to
irradiation condition at temperatures below 350 °C; strain
field around SIA-IPCs is one of the main controlling factors
of the number density, as illustrated in Fig. 2. Using the
model described in Fig. 2 and the results of ion irradiation,
two critical values of r. (capture radius of SIA-IPCs for
clusters, min. value of r.; about 10 nm) and d;, (minimum
diameter of clusters to accumulate cascade produced
clusters; about 1 nm) are determined for model calculation.

_ — -

EN

Radiation produced clusters formed during

Fig. 1
200 keV Fe-ion irradiation at 473 K.

Proof stress level after irradiation has been calculated from
calculated microstructure using Orowan’s equation, as a
function of damage level for the 316 stainless steel (see, Fig. 3).

True stress-strain relation has been also obtained from
the tensile tests on irradiated austenitic stainless steel
specimens.  From the results, Swift type constitutive
equation has been derived, where g, is an equivalent strain
for irradiation hardening can be obtained from calculated
microstructure and Orowan’s equation.

o=A(g t &))" M

Results and Eq. (1) indicate that post irradiation plastic
properties including ductile fracture behavior are able to be
estimated from proof stress level after irradiation. Because
proof stress is also able to be estimated from microstructure,
therefore behavior of irradiated structural component may
be evaluated by the constitutive equation determined from
the calculation of microstructural change during irradiation.
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Fig. 2 Schematic illustration of capture radius of
dislocation loops for point defect clusters.
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Fig. 3 Calculated proof stress level of irradiated
316 austenitic stainless steel.
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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, S were reduced to less than 100 ppm in total to
improve workability, irradiation embrittlement,
intergranular corrosion. The cladding materials suffer
from stress (external pressure, thermal stress) under the
operation.  There have been many irradiation experiments
done under external stress to investigate stress effects on
microstructural evolution of 300 series austenitic stainless
steels. It is reported that the total nucleation rate of Frank
loops increased with increasing external stress”. However,
there are few studies on the effect of external stress on
microstructural evolution of Ni-base superalloy under
irradiation.  The purpose of this study is to evaluate the
effect of external stress on microstructure and void swelling
of EHP Ni-base superalloy.

The material used in this study was the ordered y’- phase
strengthened EHP Ni-base alloy, so called EHP(y’) alloy.
The EHP(y’) alloy was manufactured by the multiple refined
melting process. The ingot was solution-treated at 1313 K
for 4 h, and then 60% cold-worked followed by aging at
923 K for 24 h. Then further re-crystallization was carried
out at 1023 K for 24 h. The chemical composition of the
alloy is given in Table 1. The materials were cut to small
coupon type specimens (6 X3 X 0.4 mm®). One of the sides
was irradiated after polishing with SiC paper #4000 and
0.05 um alumina powder. Irradiation was performed under
triple (Ni*+He'+H") ion beams in the Takasaki Ion
Accelerators for Advanced Radiation Application (TIARA)
facility at 823 K to 90 dpa. Ions of 12 MeV Ni**, 1.05 MeV
He?* and 380 keV H" were injected to simulate a FaCT core
irradiation environment. The injection rates for He and H
are 1 appmHe/dpa and 15 appmH/dpa, respectively.

The cross-sectional cavity microstructure in EHP(y”)
specimen irradiated by triple ion-beam is shown in Fig. 1(a).
Cavities were mainly located from 0.8 to 1.5 um in depth.
The TRIM calculated damage distribution and the profiles
of He and H were included. The atoms of He and H
introduced by ion irradiation distribute mostly in the range
of 0.8-1.5 pm in depth from the irradiated surface, which
agrees well with the range of cavities distribution. In the
range of 1.5-2.0 um in depth cavities were not observed
despite being higher dose than that in 0.8-1.5 pum. It is
denoted that the gaseous elements contribute to cavity
stabilization. Generally, cavity nucleation in high purity

Table 1 Chemical composition of EHP(y’) alloy (wt%).

alloys is very difficult due to the high surface energy of
cavities. Figure 1(b) shows cavity structures around 1 pm
in depth in EHP(y’) specimen irradiated. Distribution of
cavities shows a two-component distribution consisting of
small helium bubbles (diameter < 8 nm) and larger
polyhedral cavities which were arbitrarily classified as voids
(Fig. 1(b)). The number density and mean size of cavities
at 1 um in depth were 1.57 x 10> m~, 3 nm (bubble) and
3.7x10% m?, 21.5 nm (void), respectively. The swelling
was about 0.2%. Bond et al.” reported that the swelling in
Nimonic PE16 alloy, which is similar y’ phase strengthened
Ni-base alloys; irradiated by dual (Ni" and He") ion-beams
to 80 dpa at 848 K is about 0.25 %. Consequently, present
results showed almost the same level of the swelling to the
reported value. This suggests that the impurity level in
present alloy does not affect much to the void swelling. In
future, void swelling and microstructural evolution of
irradiated EHP(y”) alloy under external stress will be analyzed
to compare with this result.
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Fig. 1 TEM image and TRIM calculations for EHP(y’)
alloy irradiated by triple ion-beams to 90 dpa at 823 K.
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1. Introduction

Ni-base alloys have been studied extensively for
fast-breeder reactor core application, because an excellent
performance with respect to swelling was shown during
high-dose neutron irradiation and ion irradiation test.
However, it was found that the Ni-base alloys exhibit the
The reason of the ductility
loss was believed to be attributable to matrix hardening by

ductility loss due to irradiation.

radiation-induced point defect clusters and radiation-induced
solute segregation.

In the present study, therefore, we approached with two
points of view to improve the irradiation resistance of
Ni-base alloys. The first is removing the McC former
elements and other impurities by the extra high purity
technology (EHP) to suppress the formation of unexpected
precipitates. The second is the phase stability of matrix
high
Generally, in the fast-reactor, the cladding materials used in

strengthener at temperature during irradiation.
such high dose irradiations will experience more than
200 dpa of exposure, and have a temperature distribution
from 673 to 973 K.

Ni-base high Cr-W-Si alloy strengthened by dispersion of

In the previous study, we developed

We-rich silicides (G phase), which have a good stability at
high temperature.

This work is focused on the microstructural evolution
and void swelling in EHP G-phase strengthened Ni-base
alloy (EHP(WSI) alloy) by the irradiation experiments using
single and triple ion-beams. The void swelling resistance
of EHP Ni-base alloys was compared with those of the
reference austenitic alloy PNC316, which is currently used
as the core materials in MONJU.

2. Experimental

EHP(WSi) alloy (Fe-43Ni-25Cr-10W-2.7Si) was used
for the ion-beam irradiation experiments. Ion irradiation
were performed under single (Fe** or Ni*") and triple (Ni*" +
He'+H") ion beams in the Takasaki Ton Accelerators for
Advanced Radiation Application (TIARA) facility at Japan
Atomic Energy Agency at temperature 673 K to dose of
10 dpa and 90 dpa, and at 823 K to 90 dpa. Ions of
10.5 MeV Fe*" and 12 MeV Ni** were injected to produce
radiation damage and ions of 1.05 MeV He?" and 380 keV
H' were implanted through Al degrader foils to simulate a
FaCT core irradiation environment. The injection rates for
He and H are 1 appm/dpa and 15 appm/dpa, respectively.

Thin foils for transmission electron microscopy (TEM)
were fabricated using a FB-2000A (Hitachi, Japan) focused
ion beam (FIB) instrument with micro-sampling system.
TEM observation was carried out for the evaluation of

cavity and dislocation structures with a JEM-2100F (JEOL,
Japan) operated at 200 kV.
3. Results and discussion

Typical TEM microstructural images for the single
(Fe**/Ni*") ion-irradiated EHP(WSi) alloys to 10 dpa at
698 K and to 90 dpa at 673 K are shown in Fig. 1.
The microstructural feature of the irradiation-induced Ni;Si
was observed, which phases appeared to be oval-shaped,
with the major axis of the oval parallel to {111} planes.
The density and the average size of the Ni;Si precipitate
increased from 1.9 x 10?' N/m®, 15 nm to 1.1 x 10%* N/m’,
22 nm with increasing the dose.

Cavity microstructures of EHP(WSi), EHP(y’) and
PNC316 specimens irradiated by triple ion-beam to 90 dpa
at 823 K are shown in Fig. 2. Those dominating defect
structures are classified as followings, bimodal distribution
of small (<8 nm) He bubbles and larger cavities in EHP(y’),
4 nm or less bubble formation at the matrix/precipitate
interface in EHP(WSI) and large (22 nm average) cavities in
PNC316. The EHP(WSIi) alloy shows the best swelling
resistance.

Single (Fe**) 10 dpa, 698 K Single (Ni**) 90 dpa, 673 K

i

100 nm

Fig. 1 Typical TEM micrographs for the single
(Fe**/Ni*") ion-irradiated EHP(WSi) alloy to 10 dpa at
698 K and to 90 dpa at 673 K. (a) and (c) bright field
image; (b) and (d) dark field image.

£ 29 (a)

i

fo- k.

| e,

Fig. 2 Cross-sectional TEM images for (a) EHP(y’), (b)
EHP(WSi) and (c) PNC316 specimens irradiated by
triple ion-beams to 90 dpa at 823 K.
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Different MeV-GeV Ion Beams
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We have recently been working on ion-track membranes
of poly(vinylidene fluoride) (PVDF) because they have
attracted a renewed interest for their applications to fuel
cells "?.  The aim of this study is to investigate the
formation of the PVDF track membranes in detail by
conductometric analysis. The effect of high-LET ion
irradiation was considered here in order to enhance an
efficiency of chemical etching®.

A 25 pm-thick PVDF film was irradiated at room
temperature with 450 MeV '??Xe from the TIARA cyclotron
and with 2.2 GeV '’Au from a linear accelerator called
UNILAC of GSIL
107 ions/cm®.  Track etching was performed by mounting
the irradiated film as a dividing wall in the conductometry
cell made of Teflon containing a 9 mol/dm® aqueous KOH
solution at 80 °C. The electrical conductance of the
solution through the film, g(?), was monitored between two
platinum electrodes as a function of the etching time under a
sine AC voltage using an LCR meter. The amplitude and
frequency of the voltage were 0.3 V and 1 kHz, respectively.
Assuming cylindrical pores, we calculated the effective pore
diameter, d,; at any given time by

dyy= (4Lg()/KNS)"?,
where L is the membrane thickness, K is the specific
conductivity of the KOH etchant, N is the pore density
generally corresponding to the ion fluence (corrected for the
contribution of the microscopically-nonhomogeneous
irradiation), and S is the area of the measured sample.

Figure 1 plots the converted d,; value as a function of the
etching time for the '"Au- and '*’Xe-irradiated films.
Basically, there were several characteristic regions during
the course of the etching. In the beginning, the plateau at a
nearly zero diameter represented the process of etchant
penetration into tracks and approach of the etched cones
from both sides of the film. As soon as these two

The fluence was fixed at 3 X

]

approaching cones made contact with each other, the d.;

suddenly increased. The time associated with this contact
is called the breakthrough time, 7.  After the pore
breakthrough, the d,; increased, in other words, the pores
grew in the transverse direction.
increase became negligibly low, and eventually the curve
reached the second plateau. Chemical etching in the
unmodified area, that is, bulk etching occurred beyond the
width of the latent track.

The d.y vs. time curves provided the T value for each
sample, and so the track etch rate, V7 (um h') is calculated

Lastly, the rate of the d.;

by dividing the half thickness of the films by 7. Our
interest is to compare the track etching behavior, such as the
V7 and pore growth after breakthrough, between the '’Au
and '?’Xe ions. In this aspect, there were three findings in
Fig. 1 as follows. (i) a T value for the '*’Au-irradiated
film was about four times shorter than that for the
129X e-irradiated one, meaning V7 for the former increased by
the same rate as 7. (ii) The slope of the curve after the T
also appeared to be greater for '°’Au than for '*’Xe. This
corresponds to the faster pore growth for the former.
(iii) The '’Au beam irradiation increased the final plateau
dyy by 1.7 times over 129Xe, actually producing the track-
etched pores of larger size. In line with the general
discussion, the LET effect be the best
theoretically-grounded rationalization for these findings.
Bombardment with the higher-LET ions would more
densely create macromolecular damage in a wider latent
track, resulting in an enhanced etching for '”’Au ions in
terms of V7, the pore growth rate, and the final d,; value.
We recently observed an analogous effect on the etching
behavior for a new ion-track membrane of poly(p-phenylene
terephthalamide)®.

must
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Fig. 1 Plots of the d,y value as a function of the etching
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Preparation of Anion-Exchange Membranes for

Fuel Cell Applications by y-ray Pre-Irradiation
Grafting: Crosslinker Effect

H. Koshikawa, T. Yamaki, M. Asano and Y. Maekawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Widespread commercialization of fuel cells has been
hindered by economic problems associated with the
extensive use of platinum as well as by many restrictions
due to much additional infrastructure and insufficient
hydrogen storage capacity. In order to overcome such
difficulties,  researchers 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
membranes for applications to ‘“hydrazine-fueled”
AEMFCs" by the y-ray pre-irradiation grafting method ™.
We investigated here the effect of a chemical crosslinker on
the membrane properties such as water uptake.

Our membrane preparation involved the grafting of
chloromethylstyrene (CMS) with divinylbenzene (DVB)
into poly(ethylene-co-tetrafluoroethylene) (ETFE) films and
subsequent quaternization (Fig. 1)?. A 50 pm-thick ETFE
film was pre-irradiated at room temperature in an Ar
atmosphere with a ®Co y-ray at doses of 50 kGy. Graft
polymerization was performed by immersing the irradiated
ETFE film in the CMS/DVB/xylene 49.5/0.5/50 vol%
solution in a N, atmosphere at 60 °C for 1-8 h. The
ETFE-g-CMS film was then quaternized in a 30%

have so far

Vy-ray CMS +DVB
%CHECHé\’_yéCFéCFzH*y - A A > /xylene
ETFE (50 pm) 10-50kGy  60°C 1-8h

{—#CH;CHHCFZ—CFZHH

CH,CI

30% TMA 1 mol/L
solution HCI

water

ETFE-g-CMS+DVB
%CH;CHHCF;CF%

1 mol/L
KOH water
N-(CH,), C——» —»

Quaternized membrane (Cl-form)

anion-exchange membrane (OH-form)

Fig. 1 Scheme for the preparation of DVB-
crosslinked anion-exchange membranes.

trimethylamine (TMA) solution at room temperature for
24 h. After the membrane was washed several times in
water and in a 1 mol/L HCI solution for 24 h (to remove
residual TMA), the chloride (CI") form of the membrane was
converted to the alkaline (OH") form in a 1 mol/L aqueous
KOH solution for 12 h.

Figure 2 shows the water uptake vs. degree of grafting of
CMS for the anion-exchange membranes in the CI” and OH™
forms.  This compares the results between the non-
Overall, the
water uptake increased as the degree of CMS grafting
became high. The non-crosslinked membranes in the OH™
form exhibited the extremely high water uptake reaching up
to 200%, which is known to be one of the critical issues for
many AEMFC membrane researchers 9 I contrast,
however, the DVB-crosslinked membranes possessed the
lower water uptake at the similar degree of grafting. This
result undoubtedly demonstrates that the DVB crosslinker
would be effective for decreasing the water uptake of the
grafted anion-exchange membranes in both of the Cl” and
OH™ forms.

crosslinked and DVB-crosslinked membranes.
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Fig. 2 The water uptake vs. degree of CMS grafting for

the anion-exchange membranes in the CI° and OH"
forms. This compares the results of the non-crosslinked
(open) and DVB-crosslinked (filled) membranes.
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Preparation of Poly(ether ether ketone)-based Polymer

Electrolytes for Fuel Cell Membranes Using
Radiation-induced Graft Polymerization
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A pre-irradiation grafting method is a fascinating
technique for direct introduction of a new functional
polymer phase as a grafting chain (grafts) into polymer films
serving as a substrate without any damage of those films.
The radiation technique has been widely applied to the
preparation of a high performance fuel cell polymer
electrolyte membrane (PEM) for mobile electricity, vehicles,
and a domestic co-generation system. The PEMs of
aromatic  hydrocarbon  polymers, so-called “super
engineering plastics” including poly(ether ether ketone)
(PEEK) have a useful characteristic such as high mechanical
property, gas barrier, and resistance to radiation. However,
there have been very few examples of radiation grafting into
these super engineering plastic films .

In this work, to prevent the damage to PEEK substrate
during the sulfonation process, graft polymerization of the
sulfo-containing styrene, ethyl 4-styrenesulfonate (E4S) into
two PEEK substrates with different crystallinity (degree of
crystallinity: 32 and 11%) by the pre-irradiation grafting
method was examined (Fig. 1).

Graft Polymerization

)
—MW—— | E
JTOOO yrays i@ n
PEEK Film 5
w
E4S Souet | SOE
Hydrolysis Grafted Film
— | £
H,0,95°C | & n
|
w A
o SOzH
PEM
Fig. 1 Radiation induced-graft polymerization of E4S

into PEEK films and subsequent hydrolysis of
poly(E4S) grafts.

PEEK films 25 um in thickness were irradiated with
doses ranging at 30 kGy (dose rate: 10 kGy/h) using y-rays
from a “Co source under an argon atmosphere at room
temperature. The preirradiated films were immersed in
E4S in dioxane (1/1 v/v) at 80 °C under an argon
atmosphere. The grafting degree (GD) was calculated
from the following equation, GD = 100 X (W - Wy)/W,,
where W, and W; are the film weights before and after the
grafting, respectively.

Graft polymerization of the sulfo-containing styrene,
ethyl 4-styrenesulfonate (E4S) into a high crystalline PEEK

substrate (degree of crystallinity: 32%) hardly progressed,
whereas graft polymerization into a low crystalline PEEK
substrate (degree of crystallinity: 11%) gradually progressed,
achieving a grafting degree of more than 50% after 72 hours

(Fig. 2).
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Fig.2 Plots of grafting degrees of E4S into h-PEEK
(degree of crystallinity = 32%) (a) and I-PEEK
(degree of crystallinity = 11%) as a function of
reaction time.

From ESR spectra analysis, the graft polymerization
started from the phenoxy radical, and formed ether linkages
at the starting points of grafts, resulting in block type grafts
consisting of PSSA, not conventional T-shape grafts such as
polystyrene grafts into PE, PP, and PTFE (Fig. 3).

PEEK

0
y-rays
e O Oee s oo
Radical-I
Radiation-induced 0
Grafting of E4S ---O’ i n

SO4Et
Fig. 3 Radiation-induced graft polymerization of E4S
into PEEK substrate.
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Stability of Radiation Grafted Membranes in HIx

Solution of Electro-electrodialysis
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JAEA has been conducting R&D on a hydrogen
production thermochemical water-splitting Iodine-Sulfur
(IS) process as a heat utilization system using HTGR .
In a hydrogen iodide (HI) decomposition section of the IS
process, an electro-electrodialysis (EED) using an ion
exchange membrane has been used in order to concentrate a
HI in HI-[,-H,O mixture (HIx solution) over quasi-
azeotropic point. We expected that the polymer electrolyte
membranes prepared by the radiation-induced graft
polymerization could be applied to the EED operation.
In fact, we demonstrated the encouraging results such as low
electric resistance and, therefore, high energy efficiency?.

For practical applications to the EED, a membrane also
required stability in severe of high
temperatures (ca. 373 K) and a strongly acidic HIx solution.
In the present study, we clarified thermal and electro
chemical stabilities of the membranes by a long term
stability test.

The membranes were prepared by y-ray pre-irradiation of
cPTFE base film in Ar atmosphere, the graft polymerization
of monomer, and sulfonation. Pure styrene (St) and its
mixture with 5 vol% divinyl benzene (DVB) as a chemical
crosslinker were used as the grafting solution. The ion
exchange capacity (IEC) was 1.8 and 1.9 mmol/g,
respectively. In the following, the resulting membranes are
denoted as cPTFE-g-St and cPTFE-g-DVB/St, respectively.
Stability tests were examined using a filter-press type EED
cell. The effective membrane area was 5 cm”.  During the
tests, the HIx solution ([HI]=[I,]=10 mol/kg) was fed into
the cell. The solution was heated up to 373 K. And then,
the EED operation was performed by supplying direct
current to the cell at a current density of 200 mA/cm’.
After the 6 h operation, the cell and solutions were cooled to
room temperature. This cycle was repeated until the total
operation time reached 100 or 150 h. The evolution of the
cell voltage was monitored during the EED operation.

Figure 1 gives the evolution of the cell voltage during the
course of the stability tests when the cPTFE-g-St and
cPTFE-g-DVB/St membranes were used. Here, the
vertical axis denotes a percentage change from the initial
value of the voltage. As seen in the Fig. 1, the cPTFE-g-St
membranes exhibited an accelerated increase in the cell
voltage with the time, suggesting that the membrane
degradation should arise from the EED operation. On the
other hand, the cell voltage of the cPTFE-g-DVB/St
membrane increased at the initial stage of operation but,
interestingly, seemed to level off after about 70 h. This
indicated that the degradation could be restrained in the
DVB-crosslinked membranes.

environments

In order to confirm the membrane degradation, we
compare the IECs before and after the stability test in
Table 1. The total operation time was 100 and 150 h for
the cPTFE-g-St and cPTFE-g-DVB/St membranes,
respectively. A decrease in the IEC appeared in both the
membranes, indicating the desorption of sulfonic acid
groups from the membrane after the stability tests.
Importantly, however, a degradation rate was much lower
for the cPTFE-g-DVB/St than for cPTFE-g-St, specifically,
the former still held 70% of the initial IEC while, in contrast,
the latter lost the ionic content down to a quarter.
According to this result, a significant loss probably occurred,
thereby enhancing the electric resistivity of the membrane.
It is very reasonable to consider that the DVB-based
cross-linking in the grafted chains would hinder this
degradation process.

The above experimental results clearly demonstrate that
the radiation-grafted membranes chemically cross-linked by
DVB enabled us to perform the stable EED operation in the
HIx solution for a rather long time.
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Fig. 1 Evolution of the cell voltage. Initial values were
0.051 V for cPTFE-g-St and 0.061 V for cPTFE-g-DVB/St.

Table 1 IEC compared before and after the stability tests
for the cPTFE-g-St and cPTFE-g-DVB/St membranes*.

ID Before tests After tests
[mmol/g] [mmol/g]
cPTFE-g-St 1.8 0.47
cPTFE-g-DVB/St 1.9 1.3

*The total operation time is described in the text.
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In the international thermonuclear experimental reactor
(ITER) plant, the safe and efficient utilization of tritium is
main issue". For this purpose, the polymer electrolyte
membrane (PEM) electrolysis will be performed for
conversion of trittum water (HTO or T,0) into tritium
hydrogen (HT or T,)". What should be considered here is
that the used PEM is irradiated by P-ray emitted from
trittum water. In the previous studies, the most widely
used Nafion PEM was found to be somewhat degraded by
irradiation. Thus, much effort has been devoted to search
for the Nafion-alternative PEMs with high resistivity against
radiation. In this study, we investigated the radiation
degradation properties of the graft-type PEMs based on
poly(ethylene-co-tetrafluoroethylene) (ETFE) and
poly(etheretherketone) (PEEK).

The ETFE-based PEM was prepared by radiation grafting
of styrene into an ETFE film and subsequent sulfonation.
The PEEK-based PEM, which was originally developed in
our group 2, was prepared by thermal grafting of
divinylbenzene and radiation grafting of ethyl-styrene-
sulfonate (ETSS) into a PEEK film and subsequent
hydrolysis. The fully-hydrated PEMs were irradiated with
500-kGy y-rays at dose rate of 10-15 kGy/h at room
temperature. Before and after irradiation, the PEMs were
characterized in terms of the remaining weight ratio (Ry),
water uptake (o), ion exchange capacity (IEC), proton
conductivity (o), and breaking tensile strength (BTS).

First of all, notice that the irradiation conditions in this
study are not the same as those in the electrolysis system in
ITER. In the actual electrolysis cell, the PEM was
irradiated with B-ray at the dose rate of about 0.030 kGy/h.
On the other hand, in this study, the irradiation was
performed with y-ray at the dose rate of 10-15 kGy/h. Due
to this difference, it is not easy to directly evaluate the
radiation resistivity required for the electrolysis system in
ITER. Even so, our radiation treatment conditions are the
standard ones employed in a previous study on Nafion?.
Accordingly, we can clarify the radiation resistivity of the
grafted PEMs compared with that of Nafion.

Table 1 shows the properties of the ETFE PEM before
The Ry, IEC, o and BTS

significantly decreased. This should be because some parts

and after irradiation.
of poly(styrene sulfonic acid) (PSSA) graft chains were
decomposed and removed out, which hindered proton
conduction. Consequently, this PEM cannot be used for
practical applications.

Table 2 shows the properties of the PEEK PEM before

and after irradiation. In contrast to the ETFE PEM, any

serious deterioration was not observed in all the properties
including the BTS. Here, pay attention to the o value,
which strongly influences the electrolysis performance.
Even after the irradiation, the PEM exhibited the high o of
0.10 S/cm, being larger than that of Nafion before
irradiation (0.083 S/cm). This result makes us expect the
possibility of highly-efficient water electrolysis. Thus, the
PEEK PEM may be the good candidate material for
electrolyzer in ITER.

Next, let us examine the degradation mechanism of the
grafted PEMs. From the degradation in the ETFE-based
PEM, one might think that the PSSA main chains tended to
be depolymerized by irradiation. However, if this
assumption had been true, the PEEK PEM should have also
been degraded since they also possessed PSSA graft chains.
Actually, the PEEK PEM was stable against irradiation (see
Table 2).
chains possessed enough resistivity to irradiation.

These discussions imply that the PSSA graft

Then, we suspect that the base polymers were degraded.
In the ETFE PEM, the backbone ETFE chains should be
depolymerized because they are sensitive to irradiation.
The PSSA grafts attached to the decomposed ETFE chains
were simultaneously removed from the membrane. In the
case of the PEEK PEM, the PEEK backbones were very
resistant to irradiation. This would be the main reason for
excellent stability of this PEM.
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Table 1 Properties of the ETFE PEM before and after
irradiation.
Samples Ry IEC a c BTS
PR ) (meglp) (%) (Sem)  (MPa)
Before 100 2.1 58 0.11 39
After 82 1.0 58 0.060 20

Table 2 Properties of the PEEK PEM before and after

irradiation.
Samples Ry IEC a c BTS
P (%) (meq/g) (%) (Skm) (MPa)
Before 100 2.3 50 0.11 51
After 97 2.0 49 0.10 50
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Ion-track grafting involves ion-beam irradiation of a
base polymer film followed by graft polymerization
directly into the tracks. In recent years, we have developed
proton exchange membranes (PEMs) for fuel cells using

this technique .

High graft levels in as small a number of
tracks as possible are essential in our strategy because they
can keep a balance between proton conductivity (prefers
high graft levels) and mechanical properties (prefers lower
fluences) of the membranes. In this study, we investigated
the polymerization kinetics of the ion-track grafting of
styrene into poly(ethylene-co-tetrafluoroethylene) (ETFE)
films irradiated with different ion-beams by analyzing the
degree of grafting (DOG) vs. reaction time curves.

A 25 pm-thick ETFE film was bombarded by
3.7 MeV/n "N, 3.8 MeV/n *Ne, 3.8 MeV/n *Ar, and
3.5 MeV/n '*Xe from the TIARA cyclotron at a fluence of
3.0 x 10* ions/cm®.

were exposed to air to produce peroxide groups, and then

Just after the irradiation, the films

immersed in a grafting solution (a volume ratio of styrene
to the grafting medium was 20/80) at 60 °C for 1-24 hours.
According to our preceding report?, an isopropanol/water
mixture at a volume ratio of 25/55% was used as the
medium. The DOG was calculated by: DOG(%)=(W,—
W)/Wy%x 100, where W, and W, denote the weights of the
styrene-grafted and virgin films, respectively.

In order to analyze the results, the following equation
was used?

DOG =1+ y(—1,) ()
y

where r, and y are the rates of polymerization and
termination, respectively, ¢ is the reaction time, and #,is the
delay time. The ry and y can be obtained by fitting the
DOG vs. time curves with eq. (1). The grafting reaction
would occur only in latent tracks, and so the DOG values
were corrected by the volume fraction of the tracks. We
defined the track radius considering the following criteria:
the distance from the ion trajectory at which the deposited
dose reached 1 kGy. Based on the calculations of Magee
and Chatterjee”, the track radii were estimated to be 29, 41,
63, and 118 nm for the beams of '°N, ?°Ne, “°Ar, and '*Xe,
respectively. Because almost no overlapping can occur at
a fluence of 3.0 x 10® ions/cm?, the volume percentages of
the tracks were 0.79, 1.5, 3.7, 13%, respectively.

Figure 1 presents the corrected DOG vs. time curves for
the styrene grafting into the films irradiated with the

different ion beams. Overall, the good fit to the data was

seen by eq. (1).
obtained by this curve fitting. Both the parameters were

Figure 2 shows the values of 7, and y

found to be much higher than those reported for the
This
probably reflects the fact that high-energy ion bombardment

electron-beam-induced styrene grafting”. result
produces radicals in extremely high density along each track.
Interestingly. there was an increasing trend in these two
values as the mass number of the bombarded ions decreased,
suggesting a large influence of track structures on the grafting
behavior.
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Radiation-induced graft polymerization, one of the
surface modification techniques of polymer materials, has
recently been attracting attention as a refined artifice
because the adsorption rate of a grafted polymer is 10-100
times higher than that of a commercial granular resin .
However, this technique is not very popular in Southeast
Asian and other developing countries at present, because it
is hard or impossible to obtain unique apparatus such as a
glass ampoule or vacuum line for grafting, and furthermore
the grafting must be carried out under oxygen-free or
vacuum conditions to prevent the deactivation of created
radicals on the polymer substrate by dissolved oxygen.
The objective of this study is to develop new methodology
for radiation-induced graft polymerization that can be
performed using not unique but general apparatus.

A polyethylene bottle (volume: 305 mL) with a tight-
fitting lid was used as a reactor instead of a glass ampoule.
A nonwoven polyethylene fabric (diameter: 13 pm) was
irradiated with an electron beam up to 100 kGy under
nitrogen atmosphere.
transferred into a polyethylene bottle.
monomer

The irradiated nonwoven fabric was
Then, the de-aerated
emulsion, composed of 5 wt% glycidyl
methacrylate, 0.5 wt% polysorbate 20 and 94.5 wt% water,
was directly and immediately poured into the polyethylene
bottle under an air atmospheric condition without the use of
a vacuum line, since the oxygen in the air was immediately
dissolved in the de-aerated monomer emulsion during the
operation.
with a lid to prevent oxygen in the air from entering the

After pouring, this bottle was tightly closed
emulsion. An air atmospheric grafting was performed at
40 °C. The degree of grafting (Dg) was evaluated by the
increased weight after grafting®.

Figure 1 shows the results of air atmospheric graft
the polyethylene bottle. For
comparison, the results of vacuum grafting are also shown.

polymerization using

As seen in Fig. 1, it was found that the reaction of air
atmospheric grafting proceeded even when the polyethylene
bottle was used as a reactor and the vacuum line was not
used for transferring monomer emulsion. In terms of the
stop time of grafting, the difference of grafting condition
showed a remarkable degree of variation; although vacuum
grafting occurred continuously and Dg increased linearly
with increases in the grafting time of at least up to 4 hours.
The air atmospheric grafting conversely stopped due to the

dissolved oxygen in monomer emulsion after a certain

amount of time had elapsed. Under an air atmospheric
condition, the stop times of grafting were 3 hours, 2 hours
and 1 hour at 100, 50, and 20 kGy irradiation, respectively.
The Dg in these cases reached 351% for 3 hours, 209% for
2 hours and 42% for 1 hour, respectively. From the
standpoint of the Dg reduction, the grafting at a lower
irradiation dose was more susceptible to dissolved oxygen in
monomer emulsion than that at a higher irradiation dose.
The Dg values under an air atmospheric condition at 100, 50
and 20 kGy were about 80%, 63% and 23% under a vacuum
condition at 100, 50 and 20 kGy.
dissolved oxygen concentrations in monomer emulsion were

In these experiments, the

maintained within a range from 0.8 to 1.0 mg/L at any given
time, without increasing the dissolved oxygen concentration
during grafting. Based on the above results, it was found
that air atmospheric grafting could be performed by using
general apparatus and a simpler procedure, without using
unique apparatus such as a glass ampoule and vacuum line.
Additionally, it was also found that the air atmospheric
grafting continued for a certain amount of time only in the
case of a higher irradiation dose; in other words, air
atmospheric grafting could only be achieved when a large
amount of radicals was present in the sample, even if some
of the generated radicals were consumed by dissolved
oxygen in the monomer emulsion. In air atmospheric
grafting without using unique apparatus, the graft polymer,
which possessed sufficient capacity for use as a metal
adsorbent precursor, was prepared at an irradiation dose of
50 kGy or above.
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Fig. 1
vacuum grafting.

Time course of (A) air atmospheric and (B)
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Cellulose has been studied as trunk polymer for
radiation-induced grafting. = Recently radiation-induced
grafting with an emulsified vinyl monomer solution, which
can reduce the dose and the volume of organic solvent for
grafting materials'). In this topic, to study the effectiveness
of radiation-induced emulsion grafting onto nonwoven
cellulose fabrics with an acrylonitrile (AN) monomer, which
is a typical vinyl monomer, we tried to evaluate the micelle
size of AN monomer against for monomer and surfactant
concentrations.

Emulsion was prepared by mixing AN (10-30 wt%),
Tween80 (Tw-80) (0.3-5 wt%) and Milli-Q water at a
certain ratio with homogenizer for 10 minutes. The
formation of emulsion was evaluated by visual appearance
and micelle size. The visual evaluation was conducted by
keeping samples at 60 °C for accelerated test. Micelle size
was measured with fiber optics dynamic light scattering
spectrophotometer (FDLS-3000, Otsuka Electronics Co.
Ltd., Japan). Nonwoven cellulose fabrics were irradiated
under nitrogen atmosphere with electron beam (2 MeV,
3 mA) up to 100 kGy. Irradiated fabrics were put into a
glass ampule, and AN emulsion bubbled with nitrogen gas,
including Tw-80 as a surfactant and Milli-Q water, were
sucked into the ampule under vacuum condition. Graft

polymerization was carried out at 60 °C for 4 h in water bath.

To compare the graft efficiency, organic solvent such as
methanol was also examined. After graft polymerization,
grafted fabrics were washed by methanol and dried in vacuo.
The degree of graft polymerization (Dg) was evaluated as a
following equation;

D, [%] = (W, =W, )/ W, x100,
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8000 | —&— Acrylonitrile 20%
— —l- Acrylonitrile 10%
£
o 6000 [
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2000 |

0 )
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Fig. 1 Micelle size of AN emulsion.

where W; and W, mean weights of cellulose nonwoven
fabric before and after graft polymerization.

The visual evaluation showed that the solution at 5% AN
monomer concentration caused phase separation. This is
assumed to be because water-solubility of AN is about 7%.
At more than 10% AN monomer concentration, these
solution could be emulsified to a milky state.

Next, the micelle size of AN emulsion was measured
(Fig. 1). On the whole, micelle size increased with
increasing AN monomer concentration. At 20% and 30%
AN monomer concentrations, micelle size with 0.3%
surfactant concentration was over 10,000 nm, and with 0.5%
was still large and micelle size distribution had several
peaks. At 30% AN monomer concentration with other
surfactant concentration, size distribution had a broader peak
and sometimes several peaks, and thereby these emulsion
condition was seemed to be less stable than 10% and 20%.

The result of Dg is shown in Fig. 2. Compared to the
case of methanol, Dg increased obviously by use of AN
emulsion. This shows that the AN monomer is consumed
for graft polymerization efficiently. And, Dg increased
with increment of AN concentration. Moreover, Dg was
not affected by surfactant concentration significantly. This
tendency is similar to that of micelle size. These facts
mean possibly that Dg increased with increasing micelle
size.
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It is well known that during radiation graft
polymerization on lignocelluloses fiber, the phenol in the
lignin will undergo a structure change to quinone " and due
to this, the graft polymerization is hindered and instead
homo-polymerization —occurs. For effective graft
polymerization for lignocelluloses fiber, the lignin must
decompose through delignification, so that the monomer can
reach to the crystal part of cellulose. In this report, the
changes in residual lignin of kenaf bast fiber (KBF) using
acidic chlorite solution were evaluated.

Acidic chlorite delignification of KBF was performed in
a fume hood by using 0.7% aqueous sodium chlorite at
pH 4 adjusted with nitric acid at a ratio of KBF/chlorite
solution of 1:110 (wt/wt). The mixture was heated from 60
to 90 °C for 6 hour to prepare a series of residual lignin in
KBEF. After the reaction, the partial delignified KBF was
removed from chlorite solution, washed and dried. The
residual lignin of the partial delignified KBF was
determined by TAPPI method.

For the purpose of radiation grafting copolymerization,
dried KBF (400 mg) was purged with N, and sealed in PP
zipper bag. The KBF was then laid on dried ice and
irradiated with electron beam at a dose of 150 kGy. Graft
copolymerization of irradiated KBF was carried out by
adding 100 mL emulsion containing 3% of 4-Choloromethyl
styrene (CMS), 0.3% Tween 20 and 96.7% deionized water
in vacuum state for 24 h at 30 °C. The grafted KBF was
then recovered from the emulsion and washed repeatedly
with methanol to remove the access monomers and
homopolymers. The weight of the CMS-grafted KBF was
determined after dried overnight in vacuum oven at 30 °C.

The Degree of grafting (Dg) was calculated according to
the following formula:

Dg (%) = {WIV;WO} x 100 ,
0

where W) is the initial weights of KBF and W, is the weight
of KBF after grafting.
Figure 1 (a, b, c) shows the surfaces of the KBF without

a b C

Fig. 1 SEM micrographs of HBF with different residual
lignin after delignification (a) untreated, (b) KBF
4.19% residual lignin; (c) KBF 1.12% residual lignin.

) Environment and Industrial Materials Research Division, QuBS, JAEA

delignification, KBF with 4.19% residual lignin and KBF
with 1.12% residual lignin respectively. As shown in
Fig. 1(a), it is evident that the undelignified KBF indeed
coated with thin layer contains dissolved lignin, in which the
microfibrils were held together to form bundles. On the
contrary to the partial delignified KBF, Fig. 1(b) shows that
the surface of the KBF was found to be rather smooth with
prominent changes in its arrangement due to the
solubilization of cemented layers during the delignification.
Accordingly, Figure 1(c) shows that the intense
delignification was accompanied by severe fibrillation into
different sizes and shapes with the decrease of lignin content
down to 1.12%. As delignification proceeds, the KBF
became narrow in size and more open with well defined
fibrils.

Figure 2 depicts the influence of residual lignin in KBF
on the Dg. Clearly, the declining trend in the Dg is ascribed
by the increased of lignin content. The absence of Dg was
noted when the undelignified KBF was employed. The
lignin content at which the partial delignified KBF begins to
graft to greater extend was at lignin content below than 4%.
On further removal of lignin up 86% (2% residual lignin),
the Dg increased up to 143% resulting from the exposure of
crystal regions of cellulose at secondary layers, swelling
behavior and the porosity of the fibers. Consequently, the
emulsion is able to permeate more easily through the fiber.

Reference
1) P. Ghosh et al., Eur. Polym. J. 30 (1994) 749.
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Fig. 2 Experimental results for radiation graft
copolymerization of KBF as a function of residual
lignin.
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1. Introduction

Abandoned mines and industrial waste water includes
toxic anionic compounds such as arsenic (As), fluorine (F),
boron (B), and so on. The purpose of this study is the
practical use of developing anion graft adsorbent using
biodegradable material being of plant origin, and which
removes As(V) under the effluent standard of water quality.
This paper shows that results of characteristic experiment of
pilot scale synthesis plant based on the results of synthesis
experiment in laboratory scale experiment. The issue was
clarified for synthesizing graft adsorbent which has uniform

grafting ratio.

2. Methods
(1) Dosimetry
The bonded cellulose material being of plant origin was
base material of graft adsorbent in pilot scale. The amount
of producing the adsorbent at once synthesis experiment was
0.3 x7 m size.

spacers for being scroll shape, and it loaded in reactor of

The base material was wound with the

pilot scale synthesis plant.
L (270 ® x 650 mm).
in the reactor was carried out to paste up RadixW dosimeter

The capacity of reactor was 35
Dosimetry of gamma-ray for sample

together with base material, shown in Fig. 1, and irradiation
time was one hour.

dosimater

base material

Fig. 1 Method of dosimetry.

(2) Grafting in Pilot Scale

Irradiation of gamma-ray to the base cellulose material
wound with the spacers carried out to put in the
polyethylene bag and filled with nitrogen gas. Then, it was
put into the synthesis vessel which was put dry ice before
irradiation.

The zirconium (Zr) has an affinity for anion removal like
As(V), so that the component of monomer was phosphoric
acid (5%) which is easy loaded with Zr(IV).
graft polymerization was as

The process of
follows. Monomer of
phosphoric acid was put into the reactor of the pilot plant

after deoxygenization by nitrogen gas. Then, the irradiated

cellulose of scroll shape was put into grafting reactor.
Grafting was carried out by keeping 40 °C during 2 h.
3. Results and discussion

Results of dosimetry showed that irradiation does of
positions from 1 to 4 shown in Fig. 1 were 9.0, 9.4, 12.8,
and 7.0 kGy. It is clarified that irradiation does distribution
had maximum 1.8 times. Based on this result, sample was
irradiated to be turned over after 1 hour of irradiation time
that corresponded half of total irradiation time. Results
showed that irradiation dose of surface and inside were 19.8
and 18.4 kGy.
uniformly so that it was not different irradiation does of
surface and inside.

It is clarified that it was possible to irradiate

The particles of the base material of cellulose were fit on
scroll shape of it for examination of grafting degree in pilot
scale. The results, clarified by weight changes of particles,
showed that the degree of grafting is 157%. The result of
Dg from 100 to 150% is suitable for anion adsorbent.

However, a large amount of homopolymer was occurred.

100

o ./..————"‘.

S —
o

80 =—In (Indium)

Ratio to laboratory scale
>*
&

-e-Bi (Bismuth)

Tnside Center Outside

Fig. 2 Irradiation dose of graft adsorbent.

The evaluation of adsorption test using metal standard
solutions was done for researching uniformity onto length
direction (0.3 X 7 m) of adsorbent synthesized by pilot scale.
The sampling positions were 50 cm from inside as the inside,
350 cm form inside as the center and 50 cm from outside as
outside. Figure 2 showed results of the adsorption test.
Adsorption ratio was shown to compare with results of
laboratory scale with 100% of Dg. Graft adsorbent which
has uniformly grafting ratio was synthesized so that ratios of
adsorbent distribution in each position are almost same from
80 to 100%.

The authors gratefully acknowledge the support of Japan
Science and Technology Agency (JST).
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Radiation-induced graft polymerization has driven
widespread interest for many years by the benefits of
economical  efficient and friendly
characteristics. Polymeric grafts were covalently connected
to the raw material, which can impart the raw material with
desirable  properties. For the past decades,
glycidylmethacrylate (GMA) is considered to be the most
widely used monomer for graft polymerization, because the

environmental

epoxy group can be modified easily into functional groups.
However, too much high Dy would lead the brittleness of
grafted material. In this work, 4-hydroxybutyl acrylate
glycidylether (4-HB) was used as a monomer for graft
polymerization to synthesize metal ion adsorbents.

As a suitable graft polymerization condition, 5 wt% of
4-HB was added in water solution with surfactant. The
emulsion of 4-HB was prepared with Span 20 at the
concentration of 0.5 wt %. The trunk polymer
polyethylene-coated polypropylene nonwoven fabric (NF)
was irradiated with an electron beam. The irradiated NF
pieces were transferred to a glass ampoule and contacted
with the aqueous 4-HB emulsion at 40 °C. Degree of
grafting (Dg) was evaluated by the increment of weight.
4-HB-grafted NF was aminated in 70% Ethylenediamine
(EDA) in isopropyl alcohol at 60 °C to introduce the amino
functional group. Adsorption capabilities of GMA and 4-HB
type adsorbents were evaluated by column experiment with
10 ppm Cu*' solution at the flow rate of 100 h™' in space
velocity (SV).

Figure 1 depicts the Dy of 4-HB onto the NF as a
function of irradiation dose after 1 h. The results indicated
that the D of 4-HB increased linearly with the increase of
the absorbed dose below 40 kGy. Grafting saturation with
a Dg of 180% was achieved at 50 kGy.

After graft polymerization, the diameter of the fiber was

doubled to 20 pm at the Dg of 130%. In our previous study,

200
1h
150+ 5%4HB
0.5 % Span 20
< 0
T1oo| 40°C
o
[a]
501
0 L 1 1 1 1 1 1
0 10 20 30 40 50
Dose (kGy)
Fig. 1 Effect of pre-irradiation dose on Dy.

the soft trunk NF became hard after grafted with GMA and
then turned to brittle at a high D, of 100%. However, the
4-HB grafted materials kept soft even at a high Dg of 280%.
From the tensile strength and breaking elongation of a single
NF, it is clearly that 4-HB grafted NF shows better
mechanical property under tension, compared with the GMA

grafted one (Fig. 2).
7

[ trunk PE/PP,

Tension (MPa)
O = N W d» 0 O

4 6
Length (mm)

Fig. 2 Tensile curves of NF, 4-HB-grafted NF and
GMA-grafted NF.

To compare the adsorption capability of the two
adsorbents, certain Dy was designed beforehand in order to
obtain similar density of amino groups. The 4-HB grafted
NF with a Dg of 135% was treated with EDA at the
optimized condition of modification, and the density of
amino group was 2.8 mmol/g. Breakthrough curves of
Cu®* from the two adsorbents in Fig. 3 show that the
capability of 4-HB-type is higher than that of GMA-type.
From structure of the two monomers, 4-HB shows 4
methylene groups compared with GMA, which makes the
side chain of grafted polymer longer and more flexible.
Accordingly, not only the physical properties such as
topography and mechanical properties of the grafted
material but also their capability were improved.
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—&-4-HB BV = 0.27 ml
0.8} —O—-GMABV =0.23 ml
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O 04| S .
%) fe x
0.2} 3 .
o =
0.0+ D m—m—H
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Fig. 3 Breakthrough curves of Cu®** for the 4-HB
type (m) and GMA (o) type adsorbents.
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There is no regulation for chromaticity of waste water,
however, decolorization of secondary treated water from
livestock urine waste is one of the biggest concerns for
livestock farmers. The color is attributed to metabolites of
microorganisms, to say humic substances including humic
acid and fulvic acid. At present both of them are
decomposed or aggregated with coagulant.

Since humic substances have carboxyl groups in the
D we have developed an absorbent which has
positive charge by radiation-induced grafting reaction at
room temperature. Cheesecloth made of polyvinyl alcohol
(PVA) fiber (Cremona #300, Kuraray Co.) was used as a
trunk polymer and was irradiated up to 60 kGy with electron
beams at room temperature. After irradiation, aqueous
solution of N-[3-(dimethylamino) propyl] acrylamide
(DMAPAA, Kohjin Co., Ltd.) up to 20% was led into the
irradiated PVA at room temperature. After 2 hours, the
PVA cloth was washed with water, dried and used as an
absorbent.

To examine the effects of degree of grafting on removal
of colored materials, 100 cm® of absorbents with a range of
degree of grafting were put in 60 mL of secondary treated
water and shaken at room temperature. Chromaticity of the
treated water was measured every 24 h by absorbance at
390 nm using a Digital Turbidity-Color Meter (WA-PT-
4DG, Kyoritsu Chemical-Check Lab., Corp.). The initial
color of the secondary treated water was 2,000. The
secondary treated water was exchanged every day and the
chromaticity was measured for 30 days. The weight of
absorbent was weighed after absorption for 15 and 30 days.
The absorbent absorbed humic substances in the secondary
treated water as shown in Fig. 1. While PVA cloth did not

structure

500 Degree of grafting(%)

- —Blank
2000 4 -~

1500

Chromaticity

1000 4 . s

500 4 N7

Time (day)
Fig. 1 Change of chromaticity after contacting
secondary treated water with absorbent.

absorb humic substances, absorbent with higher degree of
grafting absorbed humic substances effectively. Absorbent
with low degree of grafting removed colored materials
effectively at the first moment, however, it lost the
absorption ability day by day.

The absorbed humic substances were easily removed by
washing the absorbent with 2 M salt solution.
Hydrochloric acid was added to the desorbed solution to

precipitate humic acid in the humic substances®.

Humic
acid is precipitated by acid, however, fulvic acid is not.
Carboxyl groups in humic acid was determined by
titration. Carboxyl groups in 100 mg humic acid were
1.18 m mole. The amount of carboxyl groups in humic
acid (COOH) per quaternary groups in absorbent (N') was
calculated for absorbents which absorbed humic substances
for 15 and 30 days and shown in Fig. 2. It depended on
degree of grating and showed maximum value at low degree
of grafting. The value exceeded 1, which indicated that not
all carboxyl groups had interaction with quaternary group.
The value can be a measure of efficiency of absorbents. As
described above, absorbents with higher degree of grafting
did not lose the absorption ability after 30 days, they have
possibility to absorb more amount of humic acid per grafted

branch polymer.
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Fig. 2 Relation between degree of grafting and
efficiency of absorbent.
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Hydroxypropylmethylcellulose (HPMC) is one of
water-soluble cellulose-derivatives used for various medical
and pharmaceutical materials such as coated tablets and
artificial vitreums as well as industrial and food additive
use ). Its aqueous solution has a lower critical solution
temperature and sol-gel transition temperature around 50 -
60 °C?.
phases of turbid gel, transparent gel, turbid sol and

The phase diagram consists of four different

transparent sol, which are partitioned by two curves of the
The
change of viscosity and transparency of HPMC solutions or

cloud point curve and the sol-gel transition curve.

gels controlled by temperature is sometimes useful for
applications.
room temperature and high at physiological temperature for

For example, viscosity needs to be low at
artificial vitreum use. Transparency needs to be low at
high temperatures and high at low temperatures for
clear/cloud grazing application.  Therefore, the cross-
sectional point (7)) of the two curves is one of the key
parameters characterizing the system, and the control of T}
preparation
thermodynamic variables is important.

condition  and
Addition of salt is
In this study we report the effect of

by combinations of

known to decrease 7.
gamma-rays irradiation on the cloud point curve.

High energy ionizing radiation has been known to
modify polymers by cross-linking and scission®.  For
HPMC solutions, it has been reported that electron beams
irradiation results in cross-linking to make a gel®. Tt is
interesting to use gamma-rays irradiation with relatively
lower energy and to study the effect on the molecular
properties of HPMC and the resultant change in the thermal
properties from both scientific and application aspects.
In this study, we irradiated gamma-rays on HPMC solutions
with different concentrations, measured the molecular
properties and determined the cloud point curve of the
solutions.

HPMC (60SH-50) is a gift from Shin-Etsu Chemical Co.
Its nominal weight-averaged molecular weight is 10.4 x 10*
and the weight percent of methoxyl and hydroxypropoxyl
groups are 28-30% and 7-12%, respectively. In order to
prepare the homogeneous solution, HPMC was dispersed in
hot water at 90 °C and dissolved thoroughly by gentle
stirring, then incubated at 4 °C for more than a day. Finally,
3 mL solution at HPMC weight fractions of w=0.01~0.12
was put in a vial vessels with 12 mm ¢. The solutions were
irradiated at room temperature around 20 °C at the dose rate
of 10 kGy/h with gamma-rays generated from “’Co source at

Takasaki Advanced Radiation Research Institute of JAEA.

The weight-average molecular weight (M,,) and the radius of
gyration (<$>>,"%) of HPMC were determined from the
Zimm plot for the light scattering data using a
laboratory-made apparatus with He-Ne
wavelength of 6.33x 10” c¢m as the light source®. Cloud

laser at the

point curves were determined as the loci of the temperature
where the observed transmitted light through the sample
disappears by eyes.
observing the spinodal ring.

The critical point was determined by

The molecular properties such as M,, <$>>,"* were much
different depending on the concentration of the original
sample (before irradiation) w being below or above the
critical concentration of the original sample wcp ~ 0.06.
M,, was smaller than the original one for w < wcp and larger
On the other hand, <S2>Zl/ 2is larger than the
original one for w > wcp whereas for w < wcp it decreases at

for w > wep.

0.03 and increases again at 0.01 with decreasing w.

As shown in Fig. 1, the cloud point curves were shifted to
the higher temperature side by raising the irradiation dose.
The increase of the cloud point temperature at w < wcp and
w > wcp could be attributed to mainly the lowered M,, and
compactness of the molecular structure, respectively.

70 —O— 0kGy
—O— 20kGy
—/— 40kGy
—— 80kGy
—O— 160kGy
65
8
o\/
&D.
60
55 : :
0.00 0.05 0.10 0.15
w

Fig. 1 Cloud point temperatures of irradiated and
non-irradiated HPMC solution with different
weight fractions.
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Transparent Hydrogels Prepared by Radiation Crosslinking

Hydroxypropyl Cellulose with Functional Monomers

A. Hiroki ¥, T. Sato ™, N. Nagasawa ® and M. Tamada *

% Environment and Industrial Materials Research Division, QuBS, JAEA,
® NIPPON CONTACT LENS INC.

Hydrogels of cellulose derivatives such as carboxymethyl
cellulose and hydroxypropyl cellulose (HPC) are prepared
by gamma or electron beam irradiation to their highly
concentrated aqueous solution . The obtained hydrogels
are splintery and hard to expand generally. The HPC
hydrogels with improved mechanical properties were
prepared by the combination of the poly(vinyl alcohol)
(PVA) blending and the radiation crosslinking?. However,
the transparent HPC hydrogel became slightly cloudy.
In this work, the preparation of HPC hydrogels with good
mechanical properties as well as transparency was
investigated.

HPC and 2-hydroxyethyl methacrylate (HEMA) were
purchased from Wako Pure Chemical Industries, Ltd., Japan.
Polyethylene glycol 1000 dimethacrylate (23G) was
supplied by Shin-Nakamura Chemical Co. Ltd., Japan.
The concentrated aqueous solution containing HPC, HEMA,
and 23G were prepared, in which the content of HPC,
HEMA, and 23G were 20 wt%, 2.0 wt%, and 0.2-1.0 wt%,
respectively. The samples shaped by cold pressing were
irradiated with electron beams to obtain gel membranes.
Gel fraction of the obtained hydrogels was determined
gravimetrically by measuring insoluble part after water
extraction of sol. The tensile strength and the elongation at
break were measured by expanding the hydrogels cut into
strip specimen.

The gel fraction of the obtained hydrogels as a function
of dose is shown in Fig. 1. The addition of 23G with HPC
induced the increase in the gel fraction, especially at less
than 20 kGy. It was found that the gel fraction of the
HPC/23G/HEMA  hydrogel

components decreased drastically.

consisting of the three
This is due to the
inhibition of the crosslinking reaction with the formation of

100

o
80t o © ©
9 O e 0O
§ 60 o -
©
©
E 40 | ® HPC
8 O HPC/23G
20+ 0 HPC/23G/HEMA
O
OD 1 1 1 ]
0 20 40 60 80
Dose (kGy)
Fig. 1 The gel fraction of HPC, HPC/23G

HPC/23G/HEMA hydrogels as a function of dose.

homopolymer. Degree of swelling of the HPC, HPC/23G,
and HPC/23G/HEMA hydrogels at more than 30 kGy was in
the range of 10 to 13.
all of the obtained hydrogels were transparent.

Furthermore, it was confirmed that

Figure 2 shows the tensile strength and the elongation at
break of the hydrogels that exhibited the maximum. The
mechanical properties were improved by adding only
0.2 wt% of 23G, in comparison with those of the HPC
hydrogel. Both values decreased gradually even though
the concentration of 23G increased from 0.2 to 1.0 wt%.
On the other hand, by adding 2 wt% of HEMA to HPC/23G
(20/0.2  wt%), the elongation at break of the
HPC/23G/HEMA hydrogel increased to 124%, although the
tensile strength decreased to 2.0 kg/cm®. These are the
almost same as the mechanical properties achieved by PVA
blending. Consequently, the hydrogel constructed from
HPC, 23G, and HEMA exhibited about 2.0 and 1.8 times
larger tensile strength and elongation at break than these of
the pure HPC hydrogel, respectively.

From the above results, it was found that the HPC
hydrogels with desired properties were obtained by radiation
crosslinking HPC with functional monomers such as 23G
and HEMA.
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Fig. 2 Tensile strength (a) and elongation at break (b)
of hydrogels, 1, HPC, 2; HPC/23G, and 3;
HPC/23G/HEMA, obtained at 50, 30, and 50 kGy,
respectively. Dotted line; that of HPC/PVA blend
hydrogel reported previously.
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Introduction of Cross-linking into Fluoro-rubber by

Gamma-ray Irradiation for the Improvement of Its
Compression Set

T. Hamasuna a), A. Iwanade b), Y. Fukuta b), D. Nogami ® and K. Watanabe ®

¥ MASUOKA Co., Ltd.,
®) Department of Advanced Radiation Technology, TARRI, JAEA

Mechanical properties of fluoro-rubber were evaluated after the irradiation of gamma-ray irradiation.

The irradiated

fluoro-rubber demonstrated high tensile strength and lower transformation ratio as gamma-ray dose increased. While, the
change in its hardness was not detected. The compression set was lower as dose increased because the cross-linking

structure prevented from deformation.
irradiation of gamma-ray.
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Surface Modification of Vulcanized Rubber by

Radiation Co-grafting

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

% Mitsuba Co. Ltd.,
® Environment and Industrial Materials Research Division, QuBS, JAEA

In this study, hydrophilic monomer,

2-hydroxyethyl

methacrylate (HEMA), and hydrophobic monomer,

3-(Methacryloyloxy) propyltris (trimethylsiloxy) silane (MPTS), were co-grafted on vulcanized rubber surface by

simultaneous electron beam irradiation.

Monomer solution was prepared by mixing of HEMA and MPTS. Frictional

property and wear resistance of co-grafted rubber were investigated. As a result, abruptly decrease of Ap and improvement
of ware resistance were observed specifically around 90 weight percent MPTS concentration.
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Fig. 1 Relationship between coefficient of friction
and MPTS concentration.
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Fig. 2 Relationship between Ap and MPTS
concentration.
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Fig. 3 Variation of wear resistance with MPTS
concentration of monomer solution.
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Decomposition of Persistent Antibiotics by

Ionizing Radiation

A. Kimura and M. Taguchi

Environment and Industrial Materials Research Division, QuBS, JAEA

The
environment increased gradually because of population
growth and the diversification of advanced medical
worldwide, and the risk evaluation of them are studied
recently V. However, it is difficult to manage the
environment risk of the antibiotics having great benefits for
human life. The antibiotics have been also detected at the
downstream of water treatment facilities, indicating that the
physical-chemical treatment and the activated sludge system
could not be of them completely. The
development of direct removal methods are considered for
them. These persistent organic pollutants in wastewater
could be effectively decomposed by ionizing radiation
method, which produces oxidative and reductive species
homogeneously in water. The purpose of this work is to
treat the antibiotics in combination of the activated sludge
system, which is used in the existent wastewater treatment
facility, and the ionizing radiation method. Decomposition
of the pharmaceuticals in wastewater was first carried out by
the activated sludge system in order to decompose
biodegradable pharmaceuticals and reduce the amount of
total organic carbon in wastewater.

Sulfarpyridine, sulfarmerazine, sulfarmethazine,
sulfarmethoxazole, chloramphenicol, and chlorotetracycling
were selected as experimental samples because they were
reported to be consumed a lot on the domestic animals

and medical treatment site and detected in the water
b]

concentrations of antibiotics in the water

removal

environment These antibiotics were dissolved at
10 pmol dm™ in wastewater at pH value of 7.5 and the
amount of total organic carbon at about 0.05 g dm™, which
was collected at an influent of a water treatment facility of
Gunma Prefectural Sewerage Management General Office.
Activated sludge solution was supplied from the wastewater
treatment plant and used for the biodegradation of the
antibiotics. The sludge solution was mixed with the equal
amount of the antibiotic solution, and stirred at 100 rpm
with aeration at 100 mL/min for 8 hours, which is the
average aeration time of real wastewater treatment plant
with activated sludge system. The y-ray irradiation of the
sludge and antibiotic solution was carried out at 298 K using
89Co y-ray sources.

The antibiotics in wastewater at 5 pmol dm™ were
biodegraded by the activated sludge system (Fig. 1).
Decomposition yield of chlorotetracycling was 93% for
8 hours though that of oseltamivir was 100% for 2 hours in
previous work ?.  The chlorotetracycling in spite of
aliphatic compounds could not be decomposed completely
by the activated sludge since chlorine group of them would
cause to be resistance against the biological oxidation.
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Fig. 1 Biodegradation of antibiotic in
wastewater by activated sludge system.

Decomposition yields of other antibiotics were lower than
10%, and these aromatic antibiotics were not decomposed
by the activated sludge system completely.
Chlorotetracycling was easily decomposed at a dose of
500 Gy as shown in Fig. 2.  Concentration of sulfarpyridine,
sulfarmethazine, and
were eliminated at 1 kGy, and their decomposition
efficiencies were higher than that of chloramphenicol.
Chemical structures of 4 sulfonamide antibacterial were
similar to each other, and decomposition yield of them were
almost the same.

sulfarmerazine, sulfarmethoxazole

Chloramphenicol having phenyl ring
substituted chlorine and nitro groups as electron accepters
was considered to be lower reactivity with hydroxyl radicals
than the other antibiotics.
wastewater could be decomposed efficiently by the ionizing
radiation method.

Persistent antibiotics in

T T T T T

[ Chloramphenicol
@ Sulfarpyridine _
<> Sulfarmethoxazole

O Sulfarmethazine
A Sulfarmerazine B
® Chlorotetracycling

0 E g
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Fig. 2 Decomposition of antibiotic in
wastewater by ionizing radiation.
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Development of Fibrous Adsorbent for Polyols

A.Jyo a), H. Matsuura a), J. Ishizaki a), N. Seko ® and Y. Ueki

2 Department of Applied Chemistry and Biochemistry, Kumamoto University,
® Environment and Industrial Materials Research Division, QuBS, JAEA

We reported that poly(vinylphenylboronic acid) beads
crosslinked with oligo(ethylene glycol) dimethacrylate

take up polyols such as xylose V.

The present study aims at
the development of the liquid phase graft polymerization
method of vinylphenylboronic acid (VPBA, ™%
Scheme 1) onto the electron pre-irradiated
polyethylene-coated ~ polypropylene fiber

(PPPE) (0.9 denier) to obtain a fibrous

B
adsorbent for polyols, such as xylose. HO" “OH
The non-woven cloth (thickness 0.5 mm, vpBA
density 50 g/m?) of PPPE was used as trunk
Scheme 1.

polymer. Rectangular pieces (2.0 X 4.0 cm, ca.
0.1 g) of the non-woven cloth of PPPE were irradiated with

electron (2 MV, 3 mA, 200 kGy) under nitrogen atmosphere.

Then, the electron-irradiated cloth pieces were transferred
into a glass ampoule and it was fixed to a vacuum line.
After degassing the ampoule, a liquid vinyl monomer or an
organic solution of VPBA was transferred into the ampoule
through the vacuum line. Dimethyl sulfoxide was used as
solvent of monomers throughout. After dismounting the
ampoule from vacuum line, it was allowed to stand in water
bath at 40 °C for a given time.
identified by measuring weight increase after grafting and
FT-IR spectra of the cloths before and after the grafting.

First, the graft polymerization of VPBA was tested.

Grafting of monomers was

Table 1 lists experimental conditions and the degree of

grafting (DG), which is designated by the following equation:
DG =100(W - W,)/W, ,

where W, and W are weight of cloths before and after the

graft polymerization, respectively. The DG value of 18.6%

was not satisfactory because the concentration of VPBA was

as high as 50 wt% and the reaction time was as long as 48 h.

Table 1  Graft polymerization of VPBA.
Concentration of  Grafting o
Entry.  ypga® (wios) time () 20 (%0)
1 38 16 9.2
2 50 48 18.6

The reactivity of VPBA in grafting onto PPPE is
significantly lower than that of styrene. In addition, VPBA
grafted PPPE is very hard and scarcely swells with water
even at pH 11.

We succeeded in the suspension copolymerization of
oligo(ethylene glycol) dimethacrylate with VPBA". Then,
we tried the co-grating of VPBA with several esters of
oligo(ethylene glycol) with methacrylic acid. Prior to
co-grafting, we tested grafting several candidate esters and
clarified that nonaethylene glycol dimethacrylate (NEDM)

and methoxynonaethylene
glycol methacrylate (MEDM)
are effectively grafted onto

SEUuN

(0]

Nonaethylene glycol
dimethacrylate (NEDM)

PPPE as summarized in Table 2.
Scheme 2 shows the structure of
NEDM and MEDM. In o

addition, PPPE grafted with \Hko*\/o’g(ocm
NEDM or MEDM is highly o
swollen with water.
we tested co-grafting of VPBA
with NEDM (or MNEM) onto
PPPE non-woven cloth, referring to the results shown in
Tables 1 and 2. Because of the lower reactivity of VPBA
compared with methacrylate esters, molar ratio of
VPBA/NEDM and VPBA/MNEM was fixed at 3/1.
Concentration of each monomer mixture in wt% was also
Table 3
summarizes DG and uptake of xylose; xylose uptake was

Methoxynonaethylene glycol

Finally, methacrylate (MNEM)

Scheme 2.

fixed at 80 and the grafting time was 16 h.

evaluated by eluting xylose with 0.5 M sulfuric acid from
xylose adsorbed on VPBA-NEDM or VPBA-MNEM
co-grafted cloth by equilibrating with xylose sample
solutions of pH 11. As listed in Table 3, it turns out that
both co-grafted fibers are able to take up xylose.

Table 2 Graft polymerization of NEDM and MNEM.

Monomer and its Grafting time

Entry concentration’ (wt%) (h) DG (%)
3 NEDM 100 4 240
4 NEDM 80 4 80
5 MNEM 100 4 771
6 MNEM 80 4 281
7 MNEM 45 4 92
Table 3 Uptake of xylose by co-grafted fibers.
Xylose uptake
Entry  Co-grafted fiber DG (%) y(mmollj’g)
VPBA-NEDM 221 0.37,0.33
9 VPBA-MNEM 180 0.34, 0.34

Next fiscal year we would like to prepare a series of
VPBA and NEDM (or MNEM) co-grafted PPPE cloths by
changing systematically compositions of monomers to
obtain the optimized cloths with high capacities for xylose.

Reference
1) M. Igawa et al., Abst. Book 2009 West Japan Meeting
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Recovery of Platinum from Waste of Silicon Rubber with

Amine and Nuclear Acid Adsorbent Synthesized by
Graft-Polymerization

Y. Kaneko a), A. Iwanade b), Y. Fukuta b), D. Nogami ® and K. Watanabe ®

¥ KALEIDO KIKAKU Co., Ltd.,
b Department of Advanced Radiation Technology, TARRI, JAEA

Fabric adsorbent having amine or adenine function was synthesized by radiation induced graft-polymerization.

This adsorbent was applied to the recovery of Pt from silicon rubber waste.

pretreatment.
of Pt in the waste solution.
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The obtained tree layers were used for the Pt adsorption experiment.

The silicon rubber waste was homogenized as a
The adenine adsorbent recovered 6.9%
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Funoran is a main component of funori, which is a
seaweed of the Rhodophyceae and is used as food products
and a sizing agent.
polysaccharides and the main chain is consisted of a

Funoran is one of sulphated

common backbone with a repeat of (1—3) - linked - and

(1—4) - linked a-Galactose (or its 3,6-anhydride) residues b

Recently, hair care agents containing funoran are put on the
market.  The molecular weight of original funoran
measured is 800 kDa.

the hair care effect of funoran should be increased.

If the molecular weight can reduce,

In this study, y-irradiation was used to prepare low
molecular weight funoran and characterizations of the
irradiated funoran were investigated.

Funoran was obtained from commercial funori aqueous
solution by sedimentation using methanol. The
y-irradiation was carried out in vacuum. The absorbed
dose was varied from 1 to 30 kGy and the dose rate was
1 kGy/h.

Molecular weight of irradiated funoran was determined
by a multiangle laser light- scattering (MALS) method.
SEC MALS chromatograms of the irradiated funoran are
shown in Fig. 1.
molecular weight and the width of peak enlarged with
absorved dose. The molecular weight was changed from
800 kDa to 121 kDa by the irradiation.

FT-IR and Raman spectra of irradiated funoran are shown

The chromatogram shifted to lower

in Fig. 2 and Fig. 3, respectively. As seen in Fig. 2, the
irradiated funoran showed absorptions assigned to SO,
symmetric (~1230
anti-symmetry stretching vibration (~1065 cm™) together

stretching  vibration em) and

0.3

0.25 ~

02 ¢

0.15 + (e)

0.05 +

Differential Weight Fraction

0
1.00E+03

1.00E+04 1.00E+05 1.00E+06 1.00E+07
Molar Mass (g/mol)

Fig. 1 Molecular weight distribution of irradiated
funoran; (a) 0 kGy, (b) 1 kGy, (c) 5 kGy,
(d)10 kGy and (e) 30 kGy.

with C-O-C anti-symmetry stretching vibration (~1160 cm™)
of pyranose ring, regardless of absorbed dose. Similar
The sulfur content
of irradiated funoran determined by the elemental analysis

trends were observed in Raman spectra.

was hardly changed even at 30 kGy irradiation, no
climination of sulfate groups occurred by the vy-rays
Accordingly, it is inferred that the chemical
structure of funoran scarcely changed by the vy-rays

irradiation.

irradiation.  Irradiation method is a useful method to

prepare low molecular weight funoran.

Absorbance

P
1800

1600 1400 1200 1000 800
Wavenumbers (cm-1)
Fig. 2 FT-IR spectra of irradiated funoran;

(a) 0 kGy, (b) 1 kGy, (c) 5 kGy, (d) 10 kGy and
(e) 30 kGy.

Raman Intensity (cps)

3500 3000 2500 2000 1500 1000 500
Raman shift (cm-1)

Fig. 3 Raman spectra of irradiated funoran;
(a) 0 kGy, (b) 1 kGy, (c) 5 kGy, (d) 10 kGy,
and (e) 30 kGy.
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Development of a Method for Estimating Degree of

Dispersion of Lesions on DNA

K. Akamatsu and N. Shikazono

Life Science and Biotechnology Division, QuBS, JAEA

1. Introduction

It is known that DNA lesions induced by ionizing
cause mutation and
In particular, ‘clustered damage’ site, that
is a DNA region with multiple lesions within one or two
This
damage is considered to be induced, e.g., around high-LET
ionizing radiation tracks. However, detail of the damage is
So, we have developed a method for
estimating degree of dispersion of distances between DNA

radiation and chemicals can

carcinogenesis.

helical turns, is believed to be hardly repaired.

not known.

lesions using fluorescence resonance energy transfer (FRET).

At first, complementary two 31-mer single-strand DNA with
an apurinic(AP)-site at each center nucleotide were
synthesized to obtain relationship between FRET efficiency
and AP-site-AP-site distance. One DNA strand with an
AP-site was labeled with a donor fluorescent probe at the
lesion, and the other strand was done with an acceptor one.
Fluorescence intensity from acceptor clearly increased with
proceeding the annealing.  Donor- acceptor distance
calculated from FRET efficiency obtained was 4 nm, which
was reasonable with the estimated one taking the diameter
of B-form DNA duplex (2 nm) and length of each probe
(~ 1 nm) into account. Now we have tried to apply the
FRET method to plasmid DNA irradiated with *He?" and
0Co y-rays.

2. Experiments
Sample preparation and He beam irradiation

Linear formed pUCI19 plasmid DNA digested by Sma I
was used. The DNA aqueous solution was mounted on a
glass plate and dried thoroughly in vacuum. The plate was
irradiated with ~ 72 keV/pum of *He** beam (3 MV tandem),
which was controlled using a depth-tunable cell irradiation
The irradiated DNA
samples were recovered by water at 0 °C. The aqueous
solutions were lyophilized and kept at -20 °C until use.

equipment D at room temperature.

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

Ten micrograms of the irradiated DNA (10 pL in water)
and 10 pL of 100 mM HEPES-NaOH (pH 7) were mixed in
a microtube. Two microliters of a mixture containing
AP-site-reactive Alexafluor350(AF350) (donor) and AF488
(acceptor) (1:1) was added to the DNA solution and was
incubated overnight at 37 °C. The fluorophore-labeled
DNA was purified by ethanol precipitation. Twenty
microliters of water was added to the residue immediately
after removal of the supernatant. Twenty microliters of the

purified labeled DNA sample was added to a micro quartz

cell containing 180 pL of 100 mM TrisHCI with 10 mM
MgCl, (pH 8).
(ex.347 nm).
enzyme cocktail was added to the solution, and it was
incubated for 1 h at 37 °C.
enzyme-treated sample was also measured.

The fluorescence spectrum was measured
After the measurement DNA digesting

The spectrum of the

"""" Before enzyme treatment
1 — After enzyme treatment

Fluorescence intensity (a.u.)
(excitation: 347 nm)

360 410 460 510 560 610
Emission wave length (nm)

Fig. 1 An example of fluorescence spectral change of
AF350/AF488-labeled He-irradiated DNA
(126.5 kGy) before /after enzyme treatment.

3. Results and Discussion

Emission at 449 nm from the excited donor was clearly
eliminated by enzymatic digestion of the labeled DNA
(Fig. 1). The FRET efficiency calculated: £ was 0.21.
The value means that ~20% of the energy in the excited
donor is transferred to the acceptor ones. Thus,
relationship between AP-site density (or dose): D and E
value would be important for estimating degree of
dispersion of AP-sites on DNA. The E value, however,
significantly changes as a function of a labeling ratio:
0= AF350/AF488. Ultimately, these three parameters: D,
E, and ¢ are to be considered for the estimation. We are
now constructing a theoretical curve (J versus £ ) and doing
more experiments considering the three parameters using
Co-y ray, X-ray, *He*’- ion beam irradiated, and heat
treated (pH 5, 70 °C) DNA.
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Mutagenic Effects of He Ion Particles in Escerichia coli
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Non-DSB type of clustered damage is induced by
ionizing radiation and is proposed to cause deleterious
effects to cells . Their yields and configurations likely
depend on the radiation qualities, such as particle energy or
ionization density along the particle track characterized by
LET (linear energy transfer) "?. To date, the biological
consequences of radiation of both low and high LETs have
been extensively studied in various organisms, including
It is,
however, still not clear how and to what extent the damage
is induced, processed in the cell, and thus related to
In this
project, we aim to find out the significance of clustering of
Here, we present the results

bacteria, yeasts, higher plants, and mammalian cells.

biological consequences especially to mutation.

DNA damage in mutagenesis.
of lacl mutation assay of wild type cells after irradiation of
soft X-rays and He ion particles with different LETs.

The cells of CSH100 (wild type E. coli) were incubated
in 0.2 % glucose minimal medium at 37 °C unless otherwise
stated. 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 uL 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 soft X-rays
(tungsten target, tube voltage 150 KV, tube current 6 mA) at
a dose rate of 0.47 Gy/sec, and He ion particles at dose rates
of 1~4 Gy/sec. The LETs of He ions were altered by
placing a Ni foil in front of the sample. The LET values
were calculated by the ELOSSM code. After irradiation,
cells were plated and incubated overnight to determine the
fraction of survived cells and the mutation frequency. In
this study, the mutation frequency of lac/ gene was
measured. Mutations in the lacl gene enable the cells to
grow on a medium with phenyl-B-D-galactopyranoside
(P-gal) as the only carbon source”. In determining the

mutation frequency, irradiated cells were initially
propagated in 0.2% glucose minimal medium at 37 °C for
16 hours to fix mutations. Subsequently, cells were plated
on a 0.2 % P-gal minimal medium, and were incubated at
37 °C for 40 hours. The mutation frequency was
determined by dividing the number of colonies on the P-gal
plate by that on the glucose plate.

Lethal and mutagenic effects of radiations with different
qualities were assessed from dose response curves. Lethal
effects of soft X-rays and He ion particles at LETs of 18 and
89 keV/um did not show significant differences, indicating

that the lethality of E.coli is largely independent on the LET

(data not shown). The result suggests that the amount of
unreparable lethal damage is similar after irradiation of
different qualities of radiation in wild type E.coli cells.
However, dose response curve of mutation induction after
He ion-irradiation with an LET of 89 keV/um differed
significantly to those after soft X-rays and He ions with an
LET of 18 keV/um (Fig. 1).

with the highest LET gave the lowest mutation frequencies

Surprisingly, the radiation

at doses above 200 Gy. Of note, the mutation frequencies
increased and then clearly leveled off with increasing dose
for radiations such as soft X-rays and He ions (18 keV/um).
The amount of dose to show the leveling off seemed to be
around 500 Gy for both types of radiation (Fig. 1). We do
not have a clear explanation for these dose responses of
mutation induction in E.coli at present. Studies on
mutation induction in glycosylase mutants (fpg and mutY)
are now underway.
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Fig. 1 Mutation frequencies of the lacl gene in wild type E.
coli (CSH100). Cells were exposed to soft X-rays (O),
He ions with an LET of 18 keV/um (@), and
89 keV/um (A).
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Target Irradiation of Individual Cells Using Focusing

Heavy-Ion Microbeam of JAEA-Takasaki (IT)

T. Funayama, Y. Yokota, T. Sakashita and Y. Kobayashi
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Heavy-ion irradiation has been employed in a wide range
of biological applications, including heavy-ion radiotherapy
and radiation breeding, because of its high and unique
biological effectiveness. However, to advance these useful
applications, the elucidation of mechanisms underlying
biological response of heavy-ion radiation is necessary.
Microbeam irradiation, which target and irradiate individual
cells using beam spot smaller than cell size, is a useful
means to investigate the mechanism of heavy-ion radiation
action.  Therefore, we had developed the heavy-ion
collimating microbeam system, and utilized for analyzing

biological effects of heavy-ion ".

However, there is a
difficulty in generating finer beam that is capable for
carrying out precise subcellular irradiation by collimating
system. Thus we developed a new focusing heavy-ion
microbeam system.

To irradiate finer beam of focusing heavy-ion microbeam
system to the specific region of individual cells, a cell
targeting system was designed and installed under the
vacuum window of the beam line. The system consists of a
full-automatic inverted microscope and the set of automatic
stages. A high-sensitivity CCD camera is installed on a
bottom camera port of the microscope to clearly detect weak
luminescence of scintillator and fluorescent-stained target
cells. A solid state detector is installed on an objective
revolver of the microscope to detect ions irradiated on the
sample. To avoid vibration for targeting samples precisely,
the system was installed on a mounting frame that rigidly
fixed to and hanged on the magnetic lens frame.

Using developed system, an irradiation of HeLa cells was
carried out. To detect cell position under fluorescent

microscopy, cytoplasms of cells stained with

fluorescent vital staining dye, CellTracker Orange, and

were
inoculated on a film of ion track detector. The coordinates
of cell position were extracted using image analysis code,
which was optimized for detection of CellTracker stained
HeLa cells.
irradiated with focusing neon ion beam. After irradiation,

The cells were, thereafter, targeted and

the tracks of traversed ion and foci of YH2AX were
visualized, and the hit positions of ion were confirmed.
The ions were well focused and hit on cells precisely and the
positions of the YH2AX focus were well in accord with the
position of ion hit (Fig. 1). From the result, we concluded
that our system can target and irradiate individual cultured
cells by focusing heavy-ion microbeam.

Fig. 1
heavy-ion microbeam.
with focusing neon ion microbeam, thereafter the
positions of ion hit and foci of YH2AX were
visualized. (a) lon hit position visualized as etch
pits. (b) An image of targeted cell observed by
phase contrast microscopy. Cross marks indicates ion
hit  position. (c) Fluorescent image of
immunostained cells using anti-yH2AX monoclonal
antibody. Cross marks indicates ion hit position,
and arrow indicates YH2AX foci.

Irradiation of HeLa cells using focusing
The cells were irradiated

Reference
1) Funayama et al., J. Radiat. Res., 49 (2008) 71-82.
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in the Atmosphere Using Semi-automatic Image Analysis
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Introduction

Focusing heavy-ion microbeam is needed for radiation
biology, because the finer beam can target subcellular
organera or a specific-part in small organism, e.g. nematode.
Thus, we have developed
However, beam profile evaluation had been carried out by
manually  processing microscopic  observation and
calculation in the excel sheet, and it took about 30 minutes
for only 1 photograph analysis with an etch-pit matrix.
One etch-pit matrix has 5 by 5 grid points (Fig. 1). In the
future application process, at least three matrixes will be
involved. Beam experimental time assigned for each user
is several hours, and “shortening of a preparation time”,

the focusing microbeam.

which includes a beam profile evaluation, is strongly needed.

Therefore, we developed the rapid evaluation method of
heavy-ion microbeam profile in the atmosphere, using a new
semi-automatic image analysis system. The reduction of
the operation time for evaluating the beam profile was
achieved by the present system”. Also, the beam-profile
was simulated by the SRIM software”. These facts made
it sure that this present method was worth enough for the

rapid-evaluation of heavy-ion microbeam.

Semi-automatic image analysis

We used the Image J¥ software for the analysis of the
etch-pit matrix. The sequence of the image analysis is as
follows; (1) discrimination of etch pits and remove dusts, (2)
acquisition of positions of etch pits, and (3) evaluation of the
beam profile using FWHM (a full width at half maximum).
All processes of this sequence were done by the Java
program, and the program was added to Image J as a plug-in
program. To calculate the FWHM from the 5 by 5 matrix,
we used the Oikawa’s method®. Final positions of etch
pits is shown in Fig. 2. The present method made the
operation time shortening (about 1 minute).

Heavy-ion microbeam profile in the atmosphere

The beam profile of the 13 MeV/n Ne-ion microbeam
was evaluated in the atmosphere, which ranges from 1 mm
to 4 mm distance from the beam window (Fig. 3). FWHM
of heavy ion microbeam changed from 4 um to 8 um in the
present atmospheric range. Also, we tried to simulate the
beam profile using the software for the stopping and range
of ions in matter (SRIM)®. Observed beam profile was
consistent with that of the simulated one (Fig. 3).
In conclusion, we have succeeded in the beam profile
rapid-evaluation of heavy-ion microbeam in the atmosphere
using semi-automatic image analysis.
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Fig. 1 Matrix (5 by 5) of etch pits at intervals of 20 um.
The scale bar is 20 um, and a dashed circle indicates a
dust of the microscope.
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Fig. 2 Distribution of etch pits after semi-automatic image

analysis.
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Fig. 3 Observed and simulated beam profiles in the

atmosphere. FWHM is a full width at half maximum.
Error bars indicate a standard deviation.
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Radiation-induced Bystander Cell-killing Effect Is

Dependant on Time Following Irradiation and
Independent of LET

Y. Yokota, T. Funayama, Y. Mutou-Yoshihara, H. Ikeda and Y. Kobayashi

Life Science and Biotechnology Division, QuBS, JAEA

A large part of biological effects of low dose/low
dose-rate radiation are still unclear. Radiation-induced
bystander effect is one of them and manifests various effects
in non-irradiated cells which have been near by irradiated
cells”. Therefore, bystander effect may elevate the risk of
exposure to low dose/low dose-rate radiation. In the
present study, we irradiated normal human cultured cells
with ionizing radiation having different LET to investigate
bystander cell-killing effect.

WI-38 normal human diploid fibroblasts were used here.
For microbeam irradiation, cells were confluent-cultured in
the microbeam irradiation vessels ¥ and 25 sites were
irradiated with 10 particles each of carbon (18.3 MeV/u,
LET = 103 keV/um) or neon (13.0 MeV/u, LET =
380 keV/um) ions. The diameter of microaperture used
here was 20 um. The percentage of irradiated cells in cell
population was calculated to be from 0.005% to 0.05%.
Irradiated cells and non-irradiated cells were cultured for 6
and 24 h following irradiation (Fig. 1). Both of them were
retrieved, counted and then reseeded for a conventional
colony formation assay. For y-ray irradiation, cells were
confluent-cultured in cell culture inserts and companion
plates (BD Biosciences, NJ, USA) for co-culture. Only
cells cultured in the inserts were irradiated with “°Co y-rays
(LET=0.2 keV/um). Non-irradiated cells cultured in the
companion plates were co-cultured with irradiated cells for 6

Microbeam irradiation

Irradiated cells

Non-irradiated cells

y-ray irradiation

Insert

— [rradiated cells

Signals
Non-irradiated cells

Fig. 1
irradiated cells and non-irradiated cells.

Experimental design of co-culture between

and 24 h following irradiation (Fig. 1). During co-culture,
irradiated cells and non-irradiated cells shared medium
through the of the insert. Only
non-irradiated cells were retrieved, counted and then
reseeded for a conventional colony formation assay.

membrane base

For carbon- and neon-ion microbeam irradiation, survival
rate of irradiated and non-irradiated cells did not change at
6 h but decreased at 24 h following irradiation (Fig. 2).
Although the percentage of irradiated cells in cell population
was from 0.005% to 0.05%, the survival rate decreased to
90% of control cells. From this result, they are suggested
that radiation-induced bystander effect leads a part of
non-irradiated cells to reproductive death and that it is
dependent on time following irradiation.

For y-ray irradiation, survival rate of non-irradiated cells
did not change at 6 h but decreased at 24 h following
irradiation (Fig. 2). This result is similar to the result of
heavy-ion microbeam irradiation experiments.  Taking
together these results, it is suggested that radiation-induced
bystander cell-killing effect is independent of LET.  This is
quite different from direct hit effects of radiation, which are
well known to be dependent on LET.
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Fig. 2 Radiation-induced bystander cell-killing effect.
Control means non-irradiated and non-bystander cells.
Data are means * SEs of 3-5 independent experiments.
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Cells after Carbon-Ion Beam Irradiation
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Non-small cell lung cancer (NSCLC) is one of the most
lethal types of cancer. Recent reports suggest that
increased ability of tumor cells to migrate is associated with
an increased rate of local failure after radiotherapy V.
Carbon ion radiation therapy has recently been a focus of
interest especially in Japan as an effective modality to treat
radioresistant tumors. However, the effects of carbon ion
beams on cells migration (cell motility) are not fully
investigated. The purpose of this study was to investigate
the effect of X-rays and carbon-ion beams on the motility of
human NSCLC cells in vitro.

The cell motility was measured using a wound-healing
assay. A549 (human NCSLC cell) cells were seeded at a
After 24 hours,

wounds were formed by scraping through the cell monolayer

high density on 35 mm culture plates.

with a sterile micropipette tip, and the tumor cells were
irradiated with carbon-ion beams (0 Gy, 2 Gy, 8 Gy) or
X-rays (0 Gy, 2 Gy, 8 Gy) with or without Y-27632 (a
specific Rho-associated coiled coil forming protein kinase
(ROCK) inhibitor).
to observe cell migration across the wounds at intervals of
12 hours.
quantify phosphorylated myosin light chain (MLC) protein,
which is phosphorylated by ROCK in the down stream of
Rho family protein signal pathway. Survival of A549 was

Images of the microscope were taken

Then, Western blot analysis was conducted to

evaluated by the clonogenic assay.
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Fig. 1 The migrating distances significantly increased after

the 2 Gy and 8 Gy irradiation with carbon-ion beams.
The motility of A549 cells increased with irradiation in
a dose-dependent manner.

In the wound-healing assay using AS549 cells, the
migrating distances significantly increased after the
irradiation with 2 Gy and 8 Gy of X-ray (531 £24 pm,
601£17 pm, 637+38 um after 0 Gy, 2 Gy, 8 Gy of X-ray
irradiation, respectively). The
significantly increased after the irradiation with carbon-ion
beams (53447 pm, 640+43 pum, 712+£56 um after 0 Gy,
2 Gy, 8 Gy of carbon-ion irradiation, respectively)(Fig. 1).

migrating  distances

In Western blot analysis, the quantity of phosphorylated
MLC increased in A549 cells after irradiation with X-rays
Y-27632 decreased the migrating
distances in the cells irradiated with X-rays (450+28 pm,
431452 pm, 485+48 um, after 0 Gy, 2 Gy, 8 Gy of X-ray
irradiation with Y-27632, respectively) or with carbon-ion
beams (504 £37 pm, 540+ 28 pum, 552+35 um after 0 Gy,
2 Gy, 8 Gy of carbon-ion irradiation with Y-27632,
respectively) (Fig. 2).

Irradiation with X-rays or carbon-ion beams significantly

and carbon-ion beams.

enhanced the cell motility and activated Rho family proteins
in A549 cells. Increased amount of phosphorylated MLC
and the ability of Y-27632 to reverse the increased motility
in the irradiated cells suggest that the activity of ROCK is
involved in the increased motility in irradiated cells.

Reference
1) D.B. hieh et al., Cancer 85 (1999) 47-57.
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Fig. 2 Effect of Y27632 on cell migration.
decreased the migrating distances in
irradiated with carbon-ion beams.

_68_



JAEA-Review 2011-043

3-7

Biological Effects of Combining Temozolomide with

Carbon Ions on Glioblastoma Cell Lines
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Glioblastoma (GBM) is one of the most common and the most malignant tumors occurring in the central nervous system.

GBM is notorious for high growth and invasive behavior and makes the surgical intervention ineffective.

Recently, though

there are many reports about the effectiveness of carbon ion therapy, little is known about effects of carbon ion therapy for

GBM.

In addition, almost all of GBM patients has not satisfied with treatment of the carbon ion alone for GBM.

Temozolomide (TMZ) is a cytotoxic alkylating agent which has shown an activity in the recurrent anaplastic glioma and
GBM. Combining TMZ with radiotherapy has been reported to improve outcome compared with radiation alone, and this
treatment is currently considered as the standard treatment for GBM. Hence, in this study, we investigated the effectiveness

of combining TMZ with carbon ion therapy for GBM.
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Fig. 1 DNA methylation status of CGNH-PM cell.
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Fig. 2 The effect of TMZ on tumor cell radiosensitivity
by clonogenic assay.
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Mechanisms for the Contributions of Bystander Effects

to the Responses Induced by Low Dose/Low Dose Rate
Radiation
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The objective of this project is to elucidate molecular mechanisms for the contributions of bystander response to the
responses induced by low dose/low dose rate radiation using heavy ion microbeams in JAEA. We found that the adaptive

response was induced by Ar (520 MeV “Ar'**

) microbeam-irradiation of a limited number of cells, followed by the broad

beam-irradiation and that the adaptive response was almost completely suppressed by the addition of carboxy-PTIO, as an

NO scavenger.
by low dose/low dose rate radiation.
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Fig. 1 Induction of radioadaptive response by the
irradiation with Ar microbeams.
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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.

cover glass to form confluent monolayer.

In our study, we aim to clarify the cell signaling
Normal human fibroblast WI-38 cells were cultured on

Cells were irradiated with 520 MeV *°Ar-ion microbeam or broadbeam. When

10 cells within the confluent culture were irradiated with the Ar-ion microbeam, phosphorylation of Akt at Ser473 and
accumulation of COX-2 were observed at 6 h after irradiation and were partially suppressed by pretreatment with

carboxy-PITO (c-PTIO), a scavenger of nitric oxide (NO).
not in the irradiated cells.

Accumulation of COX-2 was observed in the bystander cells but
Our results suggest that COX-2 is a marker of bystander cells and NF-kB-dependent signaling

pathways involving Akt and COX-2 play an important role in the NO-mediated bystander response.
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MDA IS U7z D, xtBFEBR S LT, HY1 A— RZ
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COX-2 }”Lﬁ—‘ffﬁﬁb v western blotting % 1T > 7=,
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L. ¢-PTIO IZ L > TWTHNOHE LIH Sz, Akt
IEINO B 1kBESE T 5 cNOS ZIEMALT 5 Z LN mbi

TW5, BEHIIIZEBWT, cPTIOWZL Y Akt DY >
B b3l S5 &9 FERIE. oNOS 2395 NO
WZED Akt DY UBILSNDEWVWIRTT 4T 7 4 —

Ry 7 ODIFEERBET D, —H, A AX U H—Hf
JaCix, BREHMAEDS S S 7z NO 24 LT Akt 23
VUit EnizeEz b5,

COX-2 OFE X, Akt OV VEMbL L I1THR Y | A
Mg TIiImE ST, S RAZ X —HlICBWTO

HBO B, ¢-PTIO (2L » CT—H#pfl &Nz, T OfE
it COX-2 NS AZ X — D5y TS L 72 %
ZEERBLTWD,

Akt & COX-2 1%, & b ICHRER T TH 5 NF-«xB 247
T o7 FIVREREICHEE T Z ML Tn5,
INA AB U Z—HIIZ BT, NO IZ & » TIEMEILE
7= Akt | NF-«xB &ML L, COX-2 ##FE L T\ 57
REMEMNEV, 51X, 2D NF-«B &4 L7237 F)uin
R PO R DREEITV, N R E X —

AT D> 7P REREO 2FMI 2 BT,

Bystander Irradiated

(Microbeam) (Broadbeam)

IR -+ -+ -+ -+
c-PTIO - -+ + - -+ o+
AKEDSAT3 | o o ———

|
Akt | R ——— |
COX-2 | i o s -

Fig. 1 Phosphorylation of Akt at Ser473 and expression of
COX-2 in directly Ar-ion-irradiated and bystander
normal human fibroblast WI-38 cell. IR: Ar-ion
irradiaton; c-PTIO: carboxy-PTIO (20 uM).

References

1) H. Matsumoto et al.,
126.

2) T. Funayama et al., Radiat. Res. 163 (2005) 241.

Curr. Mol. Pharmacol. 4 (2011)

_71_



JAEA-Review 2011-043

3-10

Ion-species Dependent Bystander Lethal Effect in

Normal Human Fibroblasts Induced by C-, Ne-
and Ar-ion Microbeams
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Y. Kaneko a), Y. Furusawa® and Y. Kobayashi ®)

% Research Center for Charged Particle Therapy, NIRS,
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Biological effects induced by direct irradiated cells are
the basis for the current system for risk estimation from
radiation, and the risk of radiation-induced cancer after high
and moderate doses is relatively known, based on the data
from detailed epidemiological studies of the Japanese
atomic bomb survivors in Hiroshima and Nagasaki ".
However, it recently has been challenged by so called
non-targeted effects, such as genomic instability, adaptive
response and bystander effect, and such radiation-induced
non-targeted effects may have important implications for
risk evaluation of low doses.

We reported so far that bystander effects in cellular level,
such as cell-killing effect and gene mutation induction, were
observed in normal human cells irradiated with 220 MeV
2C5*_jon microbeams using the 256 (16 x 16)-cross-stripe
irradiation method?. Furthermore, we identified one of the
possible mechanisms that gap-junction mediated cell-cell
communications played a critical role in inducing bystander
cellular effects. There are many reports concerning
bystander effects after exposure to low fluences of alpha
particles derived from ***Pu or helium-ion microbeams.
However, only a limited number of studies have examined
bystander effects after exposure to low fluences of ion
species heavier than helium. This year we have begun to
examine ion-species dependent bystander cellular effects
using C-, Ne- and Ar-ion microbeams.

C-ion (2C**, 220 MeV), Ne-ion (**Ne”" 260 MeV) and
Ar-ion (*°Ar"** 460 MeV) microbeams were generated with
the HZ1 port. Approximately 6 x 10° exponentially
growing normal human skin fibroblasts were inoculated into
cach 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. In order to block up cell-cell
communication, half of the sample dishes were treated with
a specific inhibitor of gap-junction mediated cell-cell
communication (Lindane (L) ; 40 pM of gamma-isomer of
hexachloro- cyclohexane) one day before the irradiation.
At the irradiation period, cultures were confluent and around
93% of the cells stayed in Gy/G; phase (data not shown).
Irradiation was carried out using the 256 (16 x 16) -
cross-stripe irradiation method described in the previous
report. The values of linear energy transfer (LET) at the
sample position were estimated to be 103 keV/um for C ions,
380 keV/um for Ne ions and 1260 keV/um for Ar ions,
respectively. The beam size of each ion microbeam was
20 pm in diameter and the irradiations in each point were
carried out to deliver 8 ions for carbon, 2 ions for neon and

1 ion for argon, respectively.

Figure 1 shows cell survivals, which were detected with a
colony-forming assay as a reproductive cell death, in
microbeam-irradiated (IR) dishes with or without a specific
inhibitor of gap-junction mediated cell-cell communication
(L). The percent cell survival for C-ion microbeams after
3 h irradiation was around 90% without the specific
inhibitor of gap junctions (IR) and 100% with the inhibitor
(L+IR), reproducing the our result previously reported?.
On the other hand, the cell survivals for Ne- and Ar-ion
microbeams were almost 100% whether the inhibitor was
applied or not. We can estimate that the percent of direct
irradiated cells by microbeams in the 256-cross-stripe
irradiation method is around 0.2% of all cells on the dish,
when comparing to areas between the cell and the dish. The
result suggested that cell-killing effect was induced in almost
all of the direct unirradiated cells by bystander effect via gap
junction mediated cell-cell communication. There is clear
evidence that bystander cell-killing effect is dependent on
radiation quality, such as ion species.
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Fig. 1 Cell-killing effect in normal human fibroblasts
irradiated with C-, Ne- and Ar-ion microbeams.
Microbeam-irradiated cells were treated with (L+IR) /
without (IR) a specific inhibitor of gap-junction
mediated cell-cell communication. The results were
the means and standard deviations from the 2
independent beam times.
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Analysis of Bystander Effect Induced by

Cell Membrane Response in Glioma Cells
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and N. Ito
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So far, we clarified that low dose ion beam irradiation induced cell killing by bystander effect mediated-secreted factor.

This phenomenon was related with sphingomyelinase (SMase).
In medium change experiment, cell killing by bystander effect induced after
On the other hand, this effect was completely inhibited by SMase inhibitor.

induced by high dose ion beam irradiation.
2 Gy irradiation.

In this study we investigated if bystander effect was

This result indicates that

bystander effect was induced by high dose ion beam radiation, and high dose irradiation induced-bystander effect is related

with SMase and other secreted factors.
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Fig. 1 Killing effect of medium change from
irradiated culture cells.

_73_



JAEA-Review 2011-043

3-12

Expression of Glutathione Peroxidase, p53, Bcl-2, and

BAX Genes in Gamma-Irradiated Human Retinal
Vascular Endothelial Cells

K. Akeo ¥ b), T. Funayama C),

Y. Kobayashi 2

and Y. Akeo?

2 Akeo Eye Clinic, ® Keio University School of Medicine,
) Life Science and Biotechnology Division, QuBS, JAEA

Damaged retinal endothelial cells (RE) are characteristic
senile macular degeneration and diabetic retinopathy
pathogenesis. A retrospective  study
degeneration treatment using gamma knife radiosurgery
(GKR) reported that a majority of the patients maintained
stable visual acuity after treatment with a single shot of
12 Gy. However, further studies were required to better
define the role of GKR in the treatment of macular
degeneration V. Glutathione peroxidase (GPX)
selenium-dependent, lipid peroxide-scavenging enzyme that
effectively lipid peroxides with concomitant
glutathione oxidation, and distributed in the mitochondria®

(Fig.1). Gamma irradiation is known to result in a
3)

on macular

is a

reduces

dose-dependent decline in GPX activity in the skin of mice™.

Faucher et al. previously measured the expression of
pro-apoptotic BAX and anti-apoptotic Bcl-2 genes in human
endothelial-like cell-lines overexpressing GPX ¥.  We
found that gamma irradiation prevented programmed cell
death regulated by the p53 and Bcl-2 genes in
organ-cultured ciliary bodies, and was useful in the
preservation of organs by protecting against the effects of
inflammatory reactions >. We applied gamma rays to
induce oxidative stress, which influenced GPX expression in
the RE cells; further, we measured the expression level of of
GPX by a quantitative real-time reverse-transcriptase
polymerase chain reaction (RT-PCR) using the LightCycler®™
system. We investigated how gamma irradiation
influenced GPX and its prevention of phospholipid damage
in RE cell membrane, and how the expression of GPX was
related to the expression of p53, Bcl-2, and BAX genes
regulating programmed cell death.

Human RE cells in vitro were exposed to 20 Gy gamma
ray radiation (*Co). We collected RE cells after 0, 4, 8,
24 h of irradiation, extracted total cellular RNA, and then
synthesized cDNA. The cDNA of GPX, p53, Bcl-2, BAX,
and 18S RNA were synthesized by RT-reaction using
specifically designed primers. After mixing the cDNA, the
primers, and SYBR green®, the expression level of 18S
RNA, p53, Bel-2, BAX, and GPX was measured using the
LightCycler® system (Fig.2).

Gamma irradiation significantly increased the expression
of GPX and p53 genes in RE cells. The increase in p53
expression was significantly more than that in GPX
expression. Furthermore, gamma irradiation increased the
expression of BAX genes more significantly than that of
Bcl-2 genes.

Gamma irradiation-induced programmed cell death by
the expression of p53 genes promoted by pro-apoptotic
BAX genes, competing with anti-apoptotic Bcl-2 genes.
The increase in GPX indicated a defense mechanism against
gamma irradiation induced lipid peroxidation in RE cells.
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Human Immunodeficiency Virus Type 1 (HIV-1) is a causative agent for Acquired Immunodeficiency Syndrome (AIDS).
HIV-1 utilizes CD4 as a receptor and also chemokine receptor as a coreceptor, such as CXCR4 or CCRS5, to enter susceptible
cells. Here we examined the bystander effect of senescent cells on HIV-1 infectivity. To induce cellular senescence,
human glioma-derived NP-2 cells were irradiated with carbon ion beams (C-ions). Then, cocultured cells between
senescent NP-2 cells (HIV-1-resistant) and HIV-1-susceptible cells (NP-2/CD4/CCRS5) were inoculated with HIV-1.
Our results indicated that decrease in the production of HIV-1 in NP-2/CD4/CCRS cells in the presence of senescent NP-2
cells, suggesting the production of anti-HIV-1 cellular factor derived from the C-ion-induced senescent cells. Further study
is necessary to clarify the bystander mechanism by which senescent cells negatively regulate the infectivity of HIV-1.

Human Immunodeficiency Virus type 1 (HIV-1) (%, #
RIS R 2REMERE (AIDS) DR Y A LA TH D,

NP-2 HifIZ Rk FE A A (6 Gy) FRS L7249 10 H
Ty v — VICAE LIzl ERILE & 612 SA-B-gal

HIV-1 Ol ~D Y D EF 72 receptor [ CD4 TH 1 |
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X, e b U A=~ fila~ D REA A REIC
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RS Uit 2 35S L%k, £nb & HIV-1 &
PEHIIL & OB CHEFERER LTV BIEMROTFEN
HIV-1 BRI ED &5 ek @%&iﬁﬁ%@dbto
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@ HIV-1 EROFLE T, #L NP2 fiflaz tF&E 5
L. EITRWEA LI LTH LT A IV AFEA
BORDBRD BN (Fig. 1) . #- T, ﬂwﬁ/
Bz X - THIjR 2 L 2758 L7 NP-2 fifziC

HIV-1 f&Ys % ﬁﬁ?él%®ﬁfﬂﬁ<m%éhto
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Fig. 1 Reduction of expression of HIV-1 protein in
NP-2/CD4/CCR5  cells after coculture with
C-ion-induced senescent NP-2 cells.
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Insect Cell Could Restart the Cell Cycle

before Sufficient Repair of the DNA Damage
by Heavy-ion Irradiation
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We have been studying the radiation effects on the insect cells by using heavy ion beams. Previous studies showed the
responses to heavy ion irradiation of precursor hemocyte are quite similar to those of other insect cells, such as epidermal cells
and S19 cells. In this report, we have investigated effects of heavy ion irradiation for the fertilized zygote of the silkworm.

At a dose of 10 Gy of carbon ions, the developmental delays (about 2 hours) were observed on the irradiated eggs. The
division of the nucleus was also detected in the almost all eggs irradiated. However, survival of the eggs at larval hatching was
only about 6.2 %. These results indicate the fertilized zygote would restart their proliferation after very short time delay,
although the radiation-induced damages in the DNA chains are not repaired perfectly.
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Comparison of Histological Responses in Medaka

Testis after Heavy-Ion Broad- and Micro-Beam
Irradiation
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Histological responses in testis after carbon-ion irradiation (micro-beam and broad-beam) were investigated using Medaka.
When a transgenic male with fluorescent testis were irradiated with micro-beam (10 Gy), fluorescence intensity in the
irradiated part of the testis decreased transiently. Then, the intensity of fluorescence of the irradiated testis was restored and

became normal at 46 days after irradiation.

In contrast, carbon-ion irradiation of the same dose with broad-beam induced
almost complete disappearance of fluorescence in the testis within 46 days after irradiation.

In this study, we developed a

protocol for local irradiation of testes in living adult fishes without irradiating any other tissues using micro-beam of

carbon-ion.

Our results suggest that the responses of the individual tissues, organs could be overwritten by the responses of

central and autonomous nervous system and endocrine system, irradiated at the same time with broad-beam.
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Histological section of testis irradiated with
broad-beam of carbon ion (10 Gy) on 1 day (a),
8 days (b), and 36 days (c) after irradiation.
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Fig. 2 Fluorescent images of the testis after at 2 days (a)
and 46 days (b) after irradiation with micro-beam
(10 Gy). Bright field (c) and fluorescent (d) images
of the testis at 36 days after irradiation with
broad-beam (10 Gy).
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Fig. 3 Whole testis of adult fishes were irradiated with
more than 10 shots of carbon-ion micro-beam (10 Gy).
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Anhydrobiotic larvae of the
Polypedilum vanderplanki become tolerance to variety of
It is of

background of the

sleeping chironomid

abiotic stresses, including ionizing radiation.

significance to know molecular

cross-resistance  for elucidating radiation tolerance

mechanism in high organism.

We have recently found that DNA damage and repair
)

take place upon extreme desiccation and ionizing radiation".

We then hypothesized that the signaling pathway of
response to ionizing radiation—caused events (i.e. generation
of ROS) in cells of the chironomid larvae would be similar
to that of caused by desiccation. Indeed, expression of
antioxidant genes was induced after desiccation and gamma
irradiation. Therefore, evolution of desiccation-resistance
in this species would be tightly linked to continuous
increased of radioresistance.

In the present study, we focused on genes encoding
plant-like Late Embryogenesis Abundant (LEA), the most
important molecular agents contributing anti-aggregation of
proteins and glass-formation during anhydrobiosis, and
analyzed the gene expression in response to gamma
radiation.

Previously, we found that “He (LET.=16.2 keV/um) ion
beam (70 Gy) has caused a similar effect on nuclear DNA
damage occurred in normal anhydrobiotic chironomid

larvae V.

Here we have chosen a gamma-ray at a dose of
70 Gy to see the effect on the gene expression for
comparison. Final instar larvae of approximately 1 mg wet
body weight were used for all experiments. The larvae
were placed on filter paper with 0.44 mL of distilled water
in a glass Petri dish (diameter 65 mm, height 20 mm), which
was set in a desiccator (20 x20x20 cm) with 1 kg of silica
gel. For gamma-ray irradiation, approximately 100
hydrated larvae were placed in a plastic vial (Sumilon
MS-4503, Sumitomo Bakelite Co., Tokyo, Japan) with 1 mL
water. The samples were irradiated with 70 Gy of
gamma-ray from a ®*Co source at 60 Gy/min.

Total RNA from dehydrating and irradiated larvae was
extracted using Trizol (Invitrogen) and the RNeasy Mini Kit
(Qiagen, Hilden, Germany), and reverse transcribed using
Ready-To-Go™ T-Prime First-Strand Kit (GE Healthcare
NJ). Real-time PCR was
performed using a C-1000 Thermo Cycler apparatus
(BioRad, Japan) using RLP-32 and EFlalpha genes
expression as a reference.

Genes coding two members of LEA group 3 family
(abbreviatied as LEA-8 and LEA-9) were up-regulated after

irradiation and desiccation stresses (Fig. 1), although the

Bio-Sciences, Piscataway,

expression level in response to radiation was lower than that
suggested that
approximately half 40 of LEA-like protein-coding genes

to desiccation. Microarray analysis
found in the sleeping chironomid were both desiccation- and
ionizing radiation responsive (our unpublished data).

In this study, it became clear that those two abiotic
stresses have common features not only in damaging effect
on the cells and tissues of the insect but also in activating a
certain set of genes, e.g., chaperons, antioxidants>® and
LEA proteins.
understanding of cross-resistance mechanism to desiccation
sleeping
Particularly an additional role of LEA proteins as an

These data may provide a new insight for

and radio-resistance in the chironomid.
antioxidant agent upon desiccation should be proposed.
The anhydrobiosis ability in this insect species acquired by
reducing oxidative damage from desiccation stress could be
indeed secondarily contributing to deal with oxidative stress
after gamma radiation. Thus, we point out a reason why

anhydrobiotic organisms can tolerate radiation stress.

mRNA expression level Log2

1
wet D-48h IR-3h

OLEAS 1 8 21
WLEAD 1 7.6 1.9

Fig. 1 Relative expression of LEA-8 and LEA-9
mRNA in response to desiccation and gamma
radiation in the larvae of the sleeping chironomid,

The RNA samples

from dehydrating and irradiated larvae were named

Polypedilum vanderplanki.

“D” and “IR”, respectively, and numbers correspond
to the hours of treatment and after irradiation.
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Cytokine Production is Suppressed in Human THP-1

Macrophages by Direct Stimulation with Heavy-ions
and Bystander Responses Due to Microbeam
Irradiation of a Limited Cell Population
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Introduction

The immune system cell is important for cancer patients
because it supports them against cancer. Immune cells
accumulate in and around cancers and cooperate with each
other using specific cytokines to attack the cancer cells .
The energetic heavy-ion beams for cancer therapy may
stimulate immune cells and affect on the immune system 2.
However, it is still poorly understood how the immune
svstem cells are stimulated by ion-beams. In this study, we

irradiated immune cells using heavy-ion beams and
analyzed changes in production of tumor necrosis factor
(TNF)-o and interleukin (IL)-6 that are important cytokine

for the cancer treatment.

Materials and methods

The human acute-monocytic-leukemia cell line, THP-1,
was induced to differentiate into macrophages” and
irradiated with carbon-ion broad-beams (18.3 MeV/u, LET
= 108 keV/um) generated by the azimuthally varying field
cyclotron at the JAEA, Takasaki. After irradiation, cells
were cultured for up to 24 or 48 h and the production of
TNF-o and IL-6 were analyzed by enzyme-linked
immunosorbent assays¥. To ascertain whether nitric oxide
(NO) plays a role in the suppression of cytokine production,
THP-1 macrophages were treated with carboxy-PTIO
(0.25 mM), an NO inhibitor, prior to radiation exposure.
To examine the bystander response after heavy-ion
irradiation, a very small fraction of the cell population
(approx. 0.45%) was irradiated using heavy-ion microbeams
(250 pum). Within each irradiation spot, 15,000 ion
particles (equivalent to 5 Gy) were delivered. In the center
of the dish, 256 spots with a matrix distribution of 30 mm x
30 mm area were targeted and irradiated.

Results

While cells were irradiated with 5 Gy that hardly affect
on cell viability, the levels of TNF-a and IL-6 were reduced
after both microbeam irradiation and broad-beam irradiation
(Fig. 1). TNF-o production of macrophages with the NO
inhibitor-treatment increased after carbon-ion broad-beam.
NO was involved in the radiation-induced suppression of
TNF-a production (Fig. 2).

Conclusions
The production of TNF-a and IL-6 decreased after both

and broad-beam irradiation,

bystander

microbeam irradiation
suggesting  that
production within the human immune system occurs after
radiation therapy.

suppression of  cytokine
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Fig. 1 Effects of heavy-ion microbeam irradiation on
TNF-o and IL-6 production.
0.45% of the whole population was irradiated by
carbon-ion microbeams and cultured for 24 h (A) or 48 h
(B).  Cytokine production by irradiated cells is
represented as a percentage of that of non-irradiated
cells.
independent experiments with quadruplicate cultures.
*p < 0.05; ***p < 0.005; significantly different from the
non-irradiated group.

Each value represents the mean+ S.D. of four
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Fig. 2 Effects of heavy-ion broad-beam exposure and a
NO inhibitor on cytokine production.
THP-1 macrophages were incubated for 1 h in RPMI
culture medium supplemented with the NO inhibitor
carboxy-PTIO. After carbon-ion irradiation with 5 Gy,
cells were cultured for 24 h. Each value represents the
**xp < 0.005;
significantly different from the non-irradiated group.

mean + S.D. of duplicate cultures.
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Introduction

Caenorhabditis elegans is a good in vivo model system to
examine radiobiological effects. We recently reported that
locomotion using body-wall muscles was reduced in a
dose-dependent manner after gamma-ray irradiation, and
that the locomotion was restored within several hours .
In addition, we found that pharyngeal pumping motion for
chewing and swallowing was reduced in a dose-dependent
manner .

effects are observed in the heavy-ion irradiated animals.

However, it is not known whether the same

Therefore, we examine radiation effects of heavy ion beams
on both locomotion and pharyngeal pumping in C. elegans.

Materials and methods

Five or more well-fed adult C. elegans were placed on an
agar dish with a bacterial lawn (food). The animal’s whole
bodies were irradiated with a graded dose of carbon ion
beams (*C°*, 18.3 MeV/u, LET = 113 keV/m). To
evaluate radiation effects on locomotion, animals were
placed on an agar dish without food and locomotion of five
animals was video-recorded. The locomotory rate of each
animal was measured using ‘body bends’, which is defined
as the number of bends in the anterior body region at 20-sec
intervals. On the other hand, to evaluate radiation effects
on pumping motion, animals were placed on an agar dish
with food and pumping motion of five animals was recorded
The

number of pumping strokes within a 3 s period was counted

using a high-speed camera attached to a microscope.
using 60 continuous recording images of 3 sec duration.

Results

Figures 1 and 2 show the frequency distribution of
locomotion and pumping in C. elegans immediately after
irradiation, respectively. The inverted triangle represents a
mean of distribution. Both locomotion and pumping
decreased in a dose-dependent manner as well as in the case

23 The locomotion of irradiated

of gamma-ray irradiation
animals decreased uniformly in a normal distribution in a
dose-dependent manner (Fig. 1).
animals could be classified into two groups based on the
pumping (Fig. 2). One group stopped pumping immediately
after irradiation and the other showed normal pumping

In contrast, irradiated

activity. Our findings indicate that whole body irradiation
reduced both locomotion and pumping.
was an obvious difference in the aspect of the reduction
between the locomotion and pumping. This difference
may depend upon the difference in the number and/or type

However, there

of neurons controlling the body-wall muscles for locomotion
and pharyngeal muscles for pumping.

The results of carbon-ion irradiation were same as those
2.3 Additionally, the dose
response, which was evaluated using the averaged body

in gamma-ray irradiation

bends or averaged number of pumping strokes in each dose,
was comparable with results of gamma-ray irradiation (data
not shown). This suggests that radiation effects on
locomotion and pumping in C. elegans do not depend upon

the type of radiation.
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Fig. 2 Effects of carbon ions on pumping in C. elegans.
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We had established a procedure for radiation-induced
radicals in the irradiated fresh mango ”. We probably
detect stable radicals in the fruit from day-1 to day-9 after
irradiation by wusing electron spin resonance (ESR)
spectroscopy. Since lifetime of radicals is related to where
unpaired electrons exist, interactions of the unpaired
investigated according to Lund’s
The results suggested that two neighbor
radicals went far in the distance of inter-electrons by

electrons  were

calculation 2.

changing molecular conformation after y-irradiation®. In
this report, similar phenomena were observed in irradiated
papayas to sustain our hypothesis®.

To measure ESR spectra of irradiated fresh papayas, we
ESR
spectroscopy was performed with an RE-3X (Jeol) at room

employed an overnight freeze-dry technique.
temperature using the
(9.44 GH2z).

observed in the specimen (Fig. 1).

X-band microwave frequency
A strong singlet peak at g = 2.004 was
Therefore, radical
behavior would be principally characterized by the main
peak of papayas.
electrons on the basis of progressive saturation behavior
(PSB) of the singlet ESR signal, the relaxation times of T;
and T, were evaluated using the program code by Lund?.

Figure 2 shows PSB from the main peak measured from
freeze-dried specimens of irradiated fresh papaya fleshes by
changing microwave powers. The threshold values as the
maximum of PSB were around 3 mW, indicating that the
singlet peak is attributed to organic free radicals.

The relaxation time T, of papaya fleshes was dependent
on irradiation doses (Fig. 3). From the previous report for
irradiated mango flesh®, the relaxation times of papaya
were similar to mango flesh: T, was dose-dependent while
T, was constant (data not shown). In brief, the slope of
regression lines was different but y-axis values of the lines
were almost equal.

To estimate the interaction of unpaired

It is considered that the dose response
might be affected by the surrounding environment of
radicals, such as moisture and/or radical scavenger contents
in the fruits.

A physical meaning of relaxation time T) is related to an
energy transfer between unpaired electrons that are located
close enough to be capable of their interaction. Hydroxyl
radicals and hydrated electrons induced from the radiolysis
of water distribute y-ray damages on biopolymer at random.
Therefore, a mechanism corresponding to the neighbor
electrons’ induction for T, might be another pathway from
an indirect action of the radiation through hydroxyl radicals.
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Fig. 1 ESR spectrum of a specimen prepared from the
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Fig. 2 Progressive saturation behaviors of freeze-dry
specimens prepared from irradiated fresh fleshes.
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Fig. 3 Dose response of relaxation time T,. A
regression line was calculated from the average values
of three different samples at day-0, 3, 7 and 14.
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In order to determine radical decay behaviors of gamma-ray irradiated food, we analyzed radicals in the food using ESR.

We detected the ESR signal of specimens just several minutes after irradiation.
originated from organic free radicals was increased as followed by increasing radiation dose.
increased by gamma-ray irradiation was decreased with time.

two phase that are rapid decay and slow decay.
species.

The singlet signal intensity at g=2.0,
Singlet signal intensity that
The phenomena of decay of the ESR singlet signal showed

It was suggested that those two phase decay is due to at least the two radical
Also we concluded that after three hours of radiation treatment long-life radical as ESR signal intensity was
detected in irradiated black pepper, coffee raw bean and ginseng, showing the same decay phenomena.

But the signal

intensity of irradiated black pepper was three times larger than that of irradiated coffee raw bean and irradiated ginseng.
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Fig. 1 ESR spectra of irradiated specimens
at 10 kGy.
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Fig. 2 Decays of ESR peak intensity after
irradiation at 5 kGy.
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Introduction

In the previous report l), we applied CT (computed
tomography) technique, FBP (filtered back projection)
algorithm and STIM (scanning transmission ion
microscopy) ? to the micro-PIXE analysis for the 3D
As a result, the spatial resolution of a few
10 um was achieved but it is not enough for the
measurement of a biological cell. In order to get better
spatial ~ resolution, ML-EM  (maximum likelihood
expectation maximization) iterative algorithm Y was used
instead of FBP. The ML-EM algorithm had been
developed for emission computed tomography such as
SPECT (single photon emission computed tomography).
It’s relatively easy to apply the ML-EM to micro-PIXE
because both SPECT and micro-PIXE originated from
photon emission phenomena. Moreover, unlike FBP, the
ML-EM algorithm has highly resistance against the errors of
projection images and is suitable for rare event analyses
such as micro-PIXE.

measurement.

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 200 x 200 um>.  For
STIM experiment, a planar silicon detector was placed at
just behind the sample, while a Faraday cup was placed at
the same position in the case of micro-PIXE analysis. The
distance and the angle of the lithium-drifted silicone detector
for micro-PIXE analysis were 22 mm from the target and
40° to beam axis, respectively. A target was placed on an
automatic rotation stage, which made a full turn by rotating
18° at a step in vacuum. As a result, we could obtain
twenty projections per a sample. Though the precise
alignment of the rotation axis with the center of the scanning
area is very important for suppression of artifacts in the
image reconstruction, it is very difficult to place a sample on
the center of axis precisely. To solve this problem, we used
another linear motion stage for lateral alignment and
adjusted the position on every angle to scan over the whole
of the sample. After the both measurements of STIM and
micro-PIXE, the center of gravity in every projection was
calculated from the micro-PIXE image on phosphorus, and
was defined an imaginary axis of rotation in the 3D
reconstruction of STIM and micro-PIXE.

A dried cell of Paramecium sp. (Paramecium bursaria)
was used as a test sample because it is small enough for
the range of 3 MeV proton and more durable for the long
irradiation than general animal cells. The pre-cultured
cells of Paramecium bursaria were fixed with a fixative and
then washed with purified water repeatedly.  Those

pre-fixed cells were introduced to metal solutions containing
0.05 mM lead (Pb) at pH 7 for 24 hours. After the contact,
the cells were washed with purified water repeatedly and
dried on a carbon foil in air at room temperature. After
that preparation, one of dried cells was fixed on the top of a
Kapton tube with inner diameter of 500 um and wall
thickness of 25 um using vinyl acetate emulsion adhesive as
in Fig. 1.
Fig 1
the sample of a cell,

Microphotograph of
Paramecium bursaria.
The sample fixed on the
cusp of a Kapton tube
with glue is made a turn
by rotating 18° at a step.

Result

Figure 2 shows the cross sectional images obtained using
the ML-EM reconstruction about phosphorus and Pb at the
white line in Fig. 1.  Phosphorus distributed itself
uniformly over the cell because it is the major element of
cytoskeleton protein. On the other hand, Pb was detected
on the outline of the cell. Pb was absorbed only to the
surface of the cell, because the cell had been pre-killed and
could not do the biological process such as metabolism and
excretion. To estimate the spatial resolution of this method,
we get the profile at the white arrows in Fig. 2 and fit a
The estimated FWHM is 4.4 £ 0.6 pm,
which is the best performance of PIXE-CT in our study.

Gaussian curve.

Phosphorus

o

Fig 2 3D distributions of phosphorus and Pb. They
were reconstructed from twenty projections of

micro-PIXE using the ML-EM algorithm. The
white arrows show the position of the profile used
for the estimation of the spatial resolution.
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Stress has many effects on the brain. Histaminergic

neuron system has closely associated with acute and chronic

1
stress responses ).

Our previous reports have shown that
zinc levels were decreased in the subjected psychological
stress histamine H3 receptor knockout mice (H3-KO) brain
slices.  Histamine H3 receptor exits in pre-synaptic

terminals and may alteration histamine release and
modulates other neuron-systems . We hypothecate that
H3-KO mice may have resistance of stress. On the other
hand, essence of chicken (BEC) contains a lot of histidine,
carnosine (B-alanyl histidine) and anserine (B-alanyl methyl
histidine), which have been used for many years as a
traditional health food in Southeastern Asia. Histidine is
neuronal histamine precursor. In this experiment, we
examined the effects of essence of chicken (BEC) on
stressful H3-KO mice and distribution changes of trace
metal in the brain. Mice were administered orally 1 mL of
BEC before subjected stress. And 50 mg/kg /day of
(BrdU) were injected for 5
consecutive days, 2 h before the behavioral studies. PIXE

(Particle Induced X-ray Emission) is a powerful method for

5-bromo-deoxyuridine

the analysis of trace elements. Bromine is a useful marker
to detect new born cells in the brain and is used widely for
hippocampal neurogenesis experiments. 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.

H3-KO mice were randomly divided into 3 groups.
Mice were restrained in a mouse holder for 4 h during
5 consecutive days as a physical group, and the other mice
were set next to the restrained cages as a psychological
stress group. The control mice were kept in a separate
room. After behavioral studies, mice brains were quickly
removed and each brain was cryosectioned sagittally at
16 pm thickness.

Figure 1 shows the beam irradiation image in region of
100 x 100 pm?

psychological stress and physical stress mice.

in the brain slice of control, subjected
All mice
were BEC-treated. The image on the extreme left indicates
for the control mice (no-stress). The accumulate image of
zinc and bromine were shown under micrograph of the each

brain slices.

BEC Control

BEC-psychological stress  BEC-pysiological stress

Fig. 1 Beam irradiation, zinc and bromine image
(100 x 100 pm) of H3-KO brain slices.

The amount of Zinc in the slices of subjected restraint
stress (physical stress) or no-stress control group are almost
same when compared with BEC treated group. However,
the amount of zinc in the BEC treated slice of subjected
psycological stress were significant higher than that of
no-treated BEC mice. The amounts of zinc in the slices are

shown in Fig. 2.

ng/cm’
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Fig.2 The effects of BEC on zinc levels in the brain slices.

Bromine level in the brain of BEC treated mice
slightly-higher than non-treated mice (Data was not shown).
Zinc levels show tended correlation with iron in BEC treated
psychological-stress BEC might
increased blood flow and the produce anti-stress effect.

mice brain. have
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Introduction

The fluoride contained in some restorative material was
demonstrated as a great benefit source for preventing dental
caries. However, long-term caries preventive effect of
fluoride- containing materials (FCMs) is still a matter of
debate, since the amount of fluoride released from FCM
decreases with time. The purpose of this study was to
measure the fluorine (F) distribution in carious enamel
around aged FCMs using an in-air micro-PIGE/PIXE
system at TIARA.

Material and Methods

Class V cavities in the buccal surfaces of 6 extracted
human teeth were drilled and filled with two glass ionomer
cements (fluoride-containing): Fuji IXgp FAST CAPULE
(FF) and Fuji IXgp EXTRA (FE), and a fluoride-containing
composite resin: Unifil Flow+G-Bond (UF). After storing
them in water for 1 day or 1.5 years, 170 pm longitudinal
sections including the filling material were obtained from
each tooth. All tooth surfaces, except the outer surface of
enamel, were coated with a wax. The pH-cycling (pH 6.8 -
4.5) was carried out for 5 weeks for preparing artificial
carious enamel using an automatic pH cycling system".
After pH-cycling, fluorine and calcium distributions of the
outer enamel in each specimen were evaluated using
micro-PIGE/PIXE system at TIARA?. The distributions
in carious enamel were analyzed at more than 100 pum
separation from the cavity wall. The outermost surface of
the carious enamel was defined at the position containing
5% of the calcium concentration in intact enamel. For the
comparison of F uptake, the average fluorine concentration
in each specimen was calculated at area of 150 um from the
defined surface.

Results

Figure 1 shows the fluorine uptake from FCMs into
carious enamel after S-week pH-cycling. There were
differences in F uptake among materials and duration of
storage in water. Table 1 shows the average fluorine
concentration in carious enamel at area of 150 um from the
defined surface. The average fluorine concentration for FF
and FE in 1-day storage was significantly higher values
comparing to that for UF (p<0.05, Games-Howell test).
In 1.5-year storage, there was no difference in the average
fluorine concentration among the materials (p>0.05).

Discussion

To estimate caries preventive effect of FCMs, we
investigated the F uptake in carious enamel around FCMs
during pH-cycling® as the F uptake resulted from the
precipitation  of Cajo(POy)F, (e,
remineralization). Therefore, it can be speculated that
there was a difference in caries preventive effect among the

fluorapatite

materials in 1-day storage with the difference in the average
fluorine concentration or F uptake.
uptake among the materials in 1.5-year storage indicated

No difference in F

that there was no difference in long-term caries preventive
effect among the materials used in the present study.
Short-term caries preventive effect of FCM could not
predict the existence of long-term effect.
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Fig. 1 The fluorine uptake from FCMs into
carious enamel after 5-week pH-cycling.
Table 1 The average fluorine concentration (ppm) in

carious enamel at area of 150 um from the surface.

Duration of storage

1-day

FF 795.6 +301.1 (5)
FE | 3506.1+1876.2(5)
UF 228.9 £ 125.3 (5)

1.5-year
595.2 £296.2 (4)
743.8 £255.6 (6)
1021.2 £401.9 (6)
Mean + SD (n)

_85_



JAEA-Review 2011-043

3-24

The Analysis of Boron Micro-Distribution in

9L Gliosarmoma Cells and HUVEC cells Using PIXE and PIGE

K. Endo®, Y. Shibata”, T. Yamamoto ®, K. Nakai ”, A. Matsumura® T. Satoh ”, A. Yokoyama ",
M. Koka ™, T. Ohkubo®, A. Yamazaki ”, Y. Ishii ®, T. Kamiya® and K. Ishii ®

2 Department of Neurosurgery, Institute of Clinical Medicine, University of Tsukuba, b Department of
Advanced Radiation Technology, TARRI, JAEA, © School of Engineering, Tohoku University

Micro particle-induced X-ray emission (micro-PIXE) was
applied to determine the inter- and intracellular distribution of
boron-10("®B) in tumor cells.
micro-PIXE from '"B is too low, particle-induced gamma-ray
emission (PIGE) was employed to detect the gamma-rays
produced from the nuclear reaction of '°B (p, y) 'Be.

Cultured 9L gliosarcoma cells and HUVEC cells grown on
polycarbonate film were exposed to sodium borocaptate (BSH).
To analyze the inter- and intra-cellular distribution of '°B in 9L
gliosarcoma cells, the cells were irradiated with a 1.7 MeV
proton beam collimated to a 1 pm diameter at TIARA and the
emitted gamma-rays were detected. The inter- and intracellular
distribution of ''B in cells was directly analyzed using
micro-PIXE and PIGE. The results showed that the distribution
of 'B atoms was correctly measured. The distribution of '°B
should have been evenly distributed in 9L gliosarcoma cells.
However, there was a significantly high background and the
detection of correct '°B atoms was not easy. The main purpose
of this study is to determine the differences of distribution on

Because the energy of

tumor and normal cells to apply this technique in an in vitro
experiment.

Cultured 9L gliosarcoma and HUVEC cells were grown for 4
days on a 5 um thick polycarbonate film. These cells were
treated with 250 ppm of BSH, respectively on the 4th day.
These cells were fixed on the polycarbonate film with the acute
freezing on the 5th day.

The samples were analyzed to compare the distribution image
of the '°B atoms using the micro-PIXE analysis system at TIARA
with a 30 minute measuring time and a measuring range for
100 x 100 um, respectively.

The peak '°B atom measurement was large on the
measurement spectrum in comparison to the circumference
background. It was possible to confirm that '°B atoms were
measured.

At the next step, a mask was created from the distribution of
sulphur and a suitable threshold value was
Thereafter, a PIGE spectrum was created which was specified by
the masked portion and the whole spectrum was compared to the
masked spectrum.

It was possible to confirm the presence of a correlation in the
distribution of sulphur (S) or phosphorus (P) (tumor or normal
cells) and the distribution of '°B atoms because the peak of '’B
atoms appeared more clearly in the masked spectrum.

A more clear correlation was observed between the

determined.

distribution of tumor and normal cells and the distribution of '°B
atoms when these images were combined. This demonstrated that
the '°B atom was accumulating around and in the cells.

In this in vitro experiment, tumor cells and normal cells were
compared to show the differences of '°B distribution. However,
we could not see the differences of '°B distribution clearly
(Fig. 1, 2).

Fig. 1 Distribution of tumor cells(P) and 10B(B).
Measurement time was 30 minutes.

Fig. 2 Distribution of normal cells(P) and IOB(B).
Measurement time was 30 minutes.

Furthermore the intracellular micro-distribution of boron
could not be clearly detected in this analysis. Improvements are
therefore necessary in the technical methods of cell fixation,
while the micro-PIXE and PIGE analyzing system also needs to
be further upgraded.
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In-air microparticle-induced X-ray emission (in-air micro-PIXE) analysis is based on irradiation of specimens with a

proton ion microbeam, and has been modified for biological application.

Two-dimensional analysis and quantitative

analysis using the system confirmed that asbestos induced apoptosis by upregulating Fas expression and also revealed the

accumulation of CD163-expressing macrophages in the lungs of patients with asbestosis.

By quantitative comparison of the

area of Fas or CD163 expression and the Fas- or CD163-negative area in asbestos lung tissue, the harmful levels which

caused the expression of Fas or CD163 could be estimated on Silica, Ferrous iron, and Magnesium deposition.

These

results indicate that the system could be very useful for investigating the pathogenesis of inhaled asbestos-induced immune

reactions and for determining harmful levels of asbestos.
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Fig. 1

Immunohistochemical analysis of Fas expression and in-air
micro-PIXE analysis of a lung specimen from an asbestosis

patient. H-E staining shows lymphocyte accumulation, and
immunohistochemistry shows Fas expression by accumulated
lymphocytes (-100) (a). In-air micro-PIXE analysis of the same
area of the H-E-stained and immunostained lung section (b-c).
In-air micro-PIXE analysis reveals the amounts of Si, Fe and Mg,
which are shown by color-coding from white (high) to red
(middle) and blue (low) (b). Panels (c) show Si, Fe, and Mg
indicated by green and superimposed on the background S (red).
Superimposition of Si, Fe, and Mg maps reveals the mixed color
pattern of asbestos. In panels (b-c), each element is indicated by
a different color: Si (red), Fe (green), and Mg (blue). A small
square area in panel (b) is that which was analyzed for
confirmation of the elements composing asbestos bodies in the
immunostained area. The proton ion microbeam was focused on
a small square area of 50 um. The small area was analyzed for Si,
Fe, and Mg (d). Superimposition of Si, Fe, and Mg maps shows a
mixed color pattern: Si (red), Fe (green), and Mg (blue). Mg was
very low in this area. The findings confirm that asbestos bodies
composed of Si, Fe, and Mg exist at the site of Fas expression.
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1. Introduction

In order to treat hemo-dialysis patients who have
advanced anemia, erythropoietin is often prescribed, but the
pathogenesis of this kind of anemia is not yet fully
understood. Moreover, the trace elements in hemo-dialysis
patients, such as aluminum, zinc, iron, lynn, and calcium are
suggested to cause the abnormal metabolism associated with
the physical conditions in these patients.

Erythrocyte is a specimen which is easy to use for the
analysis of the trace elements in internal organs of living
subjects
distributions of those elements.

and appropriate material to investigate the
In this research, the trace
elements of erythrocyte in hemo-dialysis patients were
analyzed by in-air micro-PIXE, and the pathogenesis of the

anemia in these patients were elucidated

2. Object and Method

From four healthy controls and five hemo-dialysis
patients, bloods were collected in the container containing
EDTA-2Na, and the sample for PIXE measurement was
Briefly, the
physiology salt solution was added into the bloods and were

prepared by the Ortega strange method V.

centrifuged at 1,400 rpm for 5 minutes, and removed the
supernatants.  Residual erythrocytes were dropped on
mayler membrane, and this membrane was sunk into
isopentane cooled at -150 °C by liquid nitrogen, then
lyophilized by vacuum evaporation.

Three point zero MeV proton beams in 1-um diameter
that was generated by the TIARA single-ended accelerator at
JAEA-Takasaki, was used to analyze elemental distribution

of erythrocytes.

3. Results and Discussion

Comparison of erythrocytes form in hemo-dialysis
The
form of a normal erythrocyte shows a dent at the center of
large

hemo-dialysis patient’s bloods did not show a dent at the

patients and healthy controls was shown in Fig. 1

erythrocyte. A number of erythrocytes in

center of erythrocyte. The change of the erythrocyte form
was also observed in patients with hereditary spherocytosis.
Iron distribution was similar between the hemo-dialysis
Other elements did
not show clear difference of distribution between the

patients and healthy controls (Fig. 1).

hemo-dialysis patients and healthy controls.

The difference of erythrocyte form in hemo-dialysis
patients from normal controls was found in this research,
however the pathogenesis of the changes was not still clear.
The further necessary to
phenomenon.

studies are clarify the

Reference
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Morphological changes of erythrocytes

A healthy control A hemo-dialysis

Cl

A hereditary spherocytosis

Fig. 1 Erythrocytes are demarcated by the distribution
of CI (red). Erythrocytes showed a dent (yellow
arrow) in healthy control, but not dented (green
arrow) in patients with hemodialysis and hereditary
spherocytosis.
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Introduction

From 2005, we have been developing microcapsules that
release their core contents (chemotherapeutic reagents) with
response to irradiation 2.  Their antitumor effect in
combination with radiation has been tested in inoculated
MM48 tumor in VIVO in C3He mice. As a result, the
antitumor effect was increased by synergism between
released chemotherapeutic reagents and radiation. In
addition, encapsulated chemotherapeutic reagents revealed
longer antitumor effect 2.  The reason for this was
considered that the continuous release of chemotherapeutic
reagent from outer shell of capsules continuously increased
its intratumoral concentration.

RLIP 76 is a peptide (76 kDa) that is activated by
radiation, which mediates ATP-dependent primary active
efflux of organic anionic compounds (reactive oxygen
species, ROS), and cationic chemotherapeutic drugs
(doxorubicin, adriacin, carboplatin). Thus, the inhibition
of RLIP76 by Anti-RLIP 76 antibody might inhibit the
efflux of ROS and chemotherapeutic reagents, and increase
intratumoral concentration of chemotherapeutic reagents,
which might result in increased antitumor effect. In this
study, we encapsulated carboplatin (platinum based
anticancer drug) and anti-RLIP 76 IgG, and their antitumor
effect was tested in combination with radiation.

Methods and Materials

The MM48 tumor was inoculated in the left hind legs of
C3He mice. The microcapsules were prepared following
procedures. The mixture of 0.2% (weight/volume) and
0.1% (weight/volume), supplemented with 0.3% H,O,were
prepared in agate pestle. To this mixture, 0.2 mmol
carboplatin (a platinum (Pt)-containing anticancer drug) and
3 pumol anti-RLIP-76 IgG was added. A droplet of this
mixture was sonicated using an ultrasound disintegrator and
atomized to yield a 0.5 mol of each of CaCl, and FeCl,
The polymerization was completed within 5 min to yield
microcapsules. 1x 10" Micorcapsules were subcutaneously
injected around the tumor. Then the 10 Gy of 800 keV soft
X-ray generated by Softex 1000 MV was given to the tumor
at Iwate Medical University.

Results and Discussion

In  micro-PIXE  camera unirradiated
microcapsules had smooth surface and distinct liquid core
(Fig.-1-A). After radiation, the contour of microcapsules
was made irregular and releasing of carboplatin could be
observed (Fig.-1 B). 76.2 + 4.6% of microcapsules

imaging,

underwent these morphological changes and releasing of
carboplatin and anti-RLIP76 was observed. The released
carboplatin was deposited in the tumor tissue (Fig.-1-B) and
revealed better antitumor effect in combination with
radiation (Fig.-2 (A, —)). The encapsulated carboplatin
(Fig.-2 (A,—)) revealed longer antitumor effect, relative to
unencapsulated carbopolatin (Fig.-2 (A, @)). Addition of
RLIP-76 increased antitumor effect, relative to the radiation
and encapsulated carboplatin (Fig.-2 (A, —)).

As the reason for these phenomena, it is considered that
the continuous release of carboplatin from shell of
microcapsules brought about longer increased intratumoral
caroboplatin’s concentration.  Then anti-RLIP-76 IgG

inhibited the efflux of carboplatin from tumors.
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row

:
5 I'
1

100 125

100 125

0 25 50 75

Fig. 1 "The distributions of Plafinum in
microcapsules using micro PIXE camera. A:
Before radiation. B: After irradiation.
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Fig. 2 Antitumor effect. The tumor diameter (mm)
was plotted against time (day).
References
1) S. Harada et al., Int. J. PIXE 20 (2010) 30-36.
2) S. Harada et al., Int. J. Radiat. Oncol., Biol. Phys. 175
(2009) 455-462.

_89_



JAEA-Review 2011-043

3-28

Elemental Mapping and Estimation of Elemental

Abundances of Lichen by TIARA Micro Beam PIXE

Y. Iwata a), K. Ishii b), T. Kamiya © and T. Satoh ®

2 Department of Chemistry, Faculty of Education and Human Studies, Akita University,
Department of Quantum Science and Engineering, ® Graduate School of Engineering,
Tohoku University, 2 Department of Advanced Radiation Technology, TARRI, JAEA

Distribution and abundance of several elements in a lichen sample were searched by micro beam PIXE. Dried fruticose

linen (Cladonia amaurocraea (Florke) Schaer.) was cut to 25 pum slice sample and mounted on the target folder.

It was

subjected to 3 MeV proton bombardments by the micro beam PIXE system of TIARA. The elemental maps made by the

distribution of K and Cl show the shape of the section of the lichen slice.

cortical layer.

S and P were mainly distributed on the upper

Si deposited between inner cortical layer and algal layer, and also deposited on the inner wall of algal layer.

Elemental abundances for S, P and Ca were estimated by the intensity of characteristic X-ray and analytical sensitivity of the

micro beam PIXE, for instance, S in the upper cortical layer was 2.6 mg cm™ and Ca in the algal layer was 0.2 mg cm™.
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Fig. 2 Elemental mapping for S
in a lichen* and analytical

areas for elemental
abundances.
*Cladonia amaurocraea,
Image Size: 200 x 200 um.

a: Upper Cortical layer,

b: Inner Cortical layer,

c: Algal layer.
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Introduction: 3-["*F]Fluoro-a-methyl-L-tyrosine (["*FJFAMT)
is a useful amino acid tracer for PET imaging of malignant
tumors V.  However, since the radiolabeling yield of
['®F]JFAMT is low and the half-life of "*F (¢,,=110 min) is
not long, ['"*FIFAMT is not suitable for widespread use.
FAMT analogs labeled with "Br, a positron emitter with a
long half-life (¢;,=16.1 h), could potentially be widely used
as amino acid tracers for tumor imaging. In this study,
(["*Br]BAMT)
designed, and its usefulness was evaluated as a novel PET
tracer for imaging malignant tumors .

Methods: In this study, both [*BrJBAMT and ["'Br]BAMT
were prepared with radiobromination of a-methyl-L-tyrosine

3-["*Br]bromo-a-methyl-L-tyrosine was

in reaction solution containing N-chlorosuccinimide at room
temperature (Fig. 1). The in vitro and in vivo stability of
["’BrJBAMT was evaluated by HPLC analysis. Cellular
uptake and retention of [’Br]BAMT and ["*FJFAMT were
evaluated using LS180 colon adenocarcinoma cells.
Biodistribution studies were performed in normal mice and
in LSI180 tumor-bearing mice. PET imaging was
performed after administration of [*BrJBAMT and
['®F]JFAMT with a small-animal PET scanner.

Results: The radiolabeling yield of [BrJBAMT and
["’BrJBAMT was approximately 20-30% and radiochemical
purity was approximately 99%. The specific activities of
["Br]BAMT and ["BrJBAMT were over 10 GBg/umol.
["Br]BAMT was stable in vitro, but was catabolized after
Cellular
retention of [”’Br]BAMT were significantly higher than
those of ['*FJFAMT. In biodistribution study, the tumor
accumulation of ["BrJBAMT was higher than that of
['"SFIFAMT (Table 1).
debromination was seen, which caused more retention of

administration in mice. accumulation and

However, some level of
radioactivity in the blood
and organs than was seen
with ['®FJFAMT. PET
imaging with ["BrfJBAMT
enabled clear visualization
of the tumor, and the
whole-body image using
["Br]BAMT was similar to
that using ["“FJFAMT

(Fig. 2).

X X="SBr.7Br

S,
H;N OzH

Fig. 1 Chemical structure of
BAMT.

HO

Conclusions: [7/BrJBAMT showed high levels of tumor
accumulation, and ["*BrJBAMT enabled clear visualization
of the tumor by PET imaging. Although an improvement
in stability is still needed, "°Br-labeled FAMT analogs could
potentially serve as PET tracers for the imaging of malignant
tumors.

References
1) T. Inoue et al., J. Nucl. Med. 39(4) (1998) 663-7.
2) Y. Ohshima et al., Nucl. Med. Biol. (2011), in press.

Table 1 Biodistribution of [”"Br]BAMT and ['*F]JFAMT
in LS180-bearing mice. Each value represents the

mean of % injected dose/g of tissue + SD (n>4).
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Fig. 2 PET images of LS180-bearing mice with
["Br]BAMT (5 MBq) and ['*FJFAMT (10 MBq).
Mice were imaged at the indicated time after
intravenous administration of each PET tracer.

Arrows indicate the position of the implanted tumor.
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Positron Emission Tomography (PET) is a powerful
noninvasive molecular imaging technique. However, the
positron emitting radionuclides used for PET are only ''C
(T1,=20.4 min), N (T,,=9.97 min), O (T,,=2.04 min)
and 'SF (T,,=1.83 h). Since the half-lives of these
radionuclides are very short, the use of these radionuclides
must have on-site isotope production facilities. If we can
use a novel positron emitting radionuclide with longer
half-life than 'SF, PET diagnosis can be performed at
medical institutions having no on-site isotope production
facilities. However, suitable half-life for diagnosis is less

than several days owing to the radiation exposure of patients.

So we searched the radionuclides with half-life between
several hours and several days, and chose "°Br with half-life
of 16.2 h as a novel positron emitting radionuclide. The
"Br is suitable for the synthesis of radiopharmaceutical,
because "®Br is halogen and can bind directly to biopolymers
such as peptide or antibody. And also "°Br labeled
radiopharmaceuticals can be simply synthesized by the
replacement of '** "'T or "F using these commercially
produced radiopharmaceuticals.

For the production of *Br, Tolmachev et al." reported the
separation of ®Br by dry distillation with recovery of
65-75% (Fig.1), and also mentioned the complete separation
between "°Br and Se which were condensed at the different
positions on the wall of the PTFE tube. However, there is
a possibility that "®Br is contaminated by Se, because the
distance between "°Br and Se condensed on the PTFE tube is
very close. To avoid the contamination of Se, we decided
to recover the "®Br at Br trap (Fig. 1). In the present paper,
we develop the method to recover the "Br at the Br trap
with recovery of more than 65-75% of Tolmacheyv et al.

The "®Br production was carried out by the method of
Tolmachev et al”. Preparation of "®Se-enriched Cu,Se is
as follows. 7°Se metal powder enriched up to 99.67% was
mixed with Cu metal powder. The mixture was placed in a
high vacuum chamber and evacuated by a rotary pump.
The chamber was placed in an oven and heated up to 533 °C
for 2-3 weeks. The Cu,Se powder obtained was pressed to
make pellet (10 mm diameter X 1 mm thick). The prepared
pellet was placed into the depression of a tungsten sheet
(20 mm x 20 mm X 1.5 mm thick with a centered depression
of 11 mm diameter x 1 mm depth) and irradiated with
20 MeV protons at 5 pA. After irradiation, "°Br was
separated from the target by dry distillation method (Fig. 1).
The target with tungsten sheet was inserted into the quartz
tube and placed in the middle of the main furnace. The
temperature in the main furnace was raised to 1,050 °C and
the auxiliary furnace to 200 °C under a constant stream of

argon gas (30 mL/min). The "Br leaving the target was
transferred to the PTFE tube by carrier gas and condensed
on the wall of the PTFE tube. A part of the "°Br was
transferred until Br trap. The trace amounts of Se were
also transferred to the PTFE tube and condensed on the wall
of the PTFE tube. To evaluate the recovery of the *Br in
the Br trap, the radioactivity in it was measured with a
calibrated Ge detector.

For the result of the separation, the recovery of the "°Br
in the Br trap was 30%. For the remaining "°Br, 20% was
on the PTFE tube, 30% was in the Cu,Se target and 20%
was in the quartz tube. The "*Br on the PTFE tube was not
separated from Se but condensed at the same position of the
PTFE tube near exit of the furnace.

We tried to recover the *Br of 20% in the PTFE tube.
We considered that due to the too much high temperature of
the auxiliary furnace, the Se was transferred until the exit of
the furnace, and suddenly cooled, and finally condensed on
the PTFE tube with °Br.  To turn down the temperature of
the auxiliary furnace, the heating of the auxiliary furnace
was not carried out.  As a result, the "°Br of 20% condensed
on the PTFE tube was transferred to the Br trap. The
recovery of °Br in the Br trap increased to 50% from 30%.

We also tried to recover the remaining "*Br of 30% in the
Cu,Se target by higher temperature heating. The
maximum temperature of our main furnace was 1,050 °C.
Since the melting point of the Cu,Se is 1,113 °C, the "Br of
30% was remained in the Cu,Se target. Therefore we used
a new furnace with maximum temperature of 1,200 °C.
The ™Br in the Cu,Se target was completely released by
using the new main furnace with 1,120 °C, and the recovery
of "Br in the Br trap increased to approximately 80% from
50%. The remaining 20% of the "*Br is condensed in the
quartz tube.

Consequently, we succeeded to recover the "°Br at the Br
trap with recovery of approximately 80% by optimizing the
temperature of the main and the auxiliary furnace.

Reference

1) S. Y. Tolmachev et al., Appl. Radiat. Isot. 49 (1998)
1537.
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Fig. 1 Schematic diagram of dry distillation system.
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Elucidation of carbon kinetics in a higher plant, in
particular photosynthetic carbon dioxide (CO,) fixation and
photoassimilate translocation, is important from viewpoint
of environmental reduction in the amounts of atmospheric
CO, and from an agricultural viewpoint of the growth and
development of the plant body. Previously, we have
reported that whole-plant imaging for studying the complete
carbon kinetics involved in photosynthesis and subsequent
photoassimilate translocation and unloading.
achieved using a positron-emitting tracer imaging system
(PETIS) in combination with carbon-11-labeled carbon
dioxide (''CO,) gas tracer?. In this study, real-time carbon
kinetics in leaves, roots and other organs of a soybean was
analyzed by using the newly developed method.

We performed an experiment with a single plant of the
soybean (Glycine max) cultivar Jack grown in a square
plastic pot filled with vermiculite under a long-day
(16-h light / 8-h dark) cycle at a light intensity of
250 pmol photon/m%/s. Three-week-old plant that fit in the
PETIS field of view (FOV; 120.8 mm width, 186.8 mm
height) was used.

Figure 1 shows time activity curves (TACs) for selected
organs. All the TACs were generated from a series of
PETIS images that were re-sorted in a sequence covering
every 2 min over 60 min for analysis of the selected regions
of interests (ROIs). The red dots represent the time course
of all activity in the PETIS FOV. The green diamond
shaped, blue triangles, orange crosses, and white squares
represent the time course of total activity in the leaves, roots,
stem, and apex, respectively. We see that approximately
40% of assimilated carbon was translocated to the root area
within 1 h. The red dots indicate that the total ''C activity
remained stable over the acquisition period, confirming that
the PETIS image data indicated the conservative total
amount of carbon over the plant body. Newly assimilated
'C was hardly used for respiration, but was translocated and
unloaded in the various organs or stored in the leaves in a
period of less than 1 h. These kinetics can be analyzed to
gain a greater understanding of the plant physiological
sink—source relationship. The solid line represents the
theoretical translocation rate constant in a leaf predicted by a
simplistic exponential kinetic model:

£e)= 1y exp(” Bowa * ’1}/ 4L,

It was

where L(t) is leaf response time-activity curve of the
radioactivity concentration at time ¢ after pulse-chase
treatment; /,, the initial fixation of ''CO,; Revporss 1C-labeled
photoassimilate exporting rate ; L, stored fixed carbon; and
2, the physical decay constant of ''C (0.034 min™"). The
translocation rate constant estimated from the fitting process
with the simple model was similar to that estimated by
The fitting line of the theoretical
prediction was in good agreement with the experimental

compartment analysis.

values for the leaf during the period 10 - 60 min.

We believe this analysis will help it to develop better
experimental protocol by understanding of its standard
carbon kinetics in plant body. Experiments are now in
progress to study the effects of fertilizer application and the
environmental conditions.

References

1) N. Kawachi et al., JAEA Takasaki Ann. Rep. 2009
(2011)101.

2) N. Kawachi et al., Nucl. Instrum. Meth. Phys. Res. A
(2011) in press.
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the integrated PETIS image data.
generated from serial PETIS images integrated to one
frame every 2 min for 60 min, followed by analysis of
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the region of interests. The curves were also

corrected for radioactive decay of ''C.

_93_



JAEA-Review 2011-043

3-32

Quantitative Study for Nitrogen Fixation in Intact

Soybean Plant from PETIS Imaging

S. Ishii ¥ , N. Suzul
N. Ohtake

, N. Kawachl
, T. Ohyama 2. ) and S. Fu]lmakl

, H. Yamazak1 ’

¥ Life Science and Biotechnology Division, QuBS, JAEA,
Faculty of Science and Technology, Tokyo University of Science,
® Graduate School of Science and Technology, Niigata University

The nodule is a symbiotic organ of leguminous plants
with rhizobium. Soybean plants utilize nitrogen (N) fixed
by nodules from atmospheric N,. Until now, 5N, a stable
isotope, has long been used for studies of N, fixation.
However, because this method is invasive, it has been
difficult to analyze an instant response to environmental
(ex. temperature, light) changes.

The purpose of our study is to image noninvasively and
quantitatively the N, fixation in each nodule under various
ambient conditions and translocation to the aerial part.
Previously, we developed a method of production of
"*N-labelled nitrogen gas tracer and successfully imaged
nitrogen fixation in intact nodules. However, the
experimental condition was specially designed for efficient
detection and thus unnatural. For example, the composition
of the feeding gas to the plant was N,:0,:He=10:20:70, in
which nonradioactive nitrogen was purposely lowered for
high specific radioactivity". Moreover, higher radioactivity
of the tracer, presumably more than 30 MBq at least, was
required for visualization of the translocation of fixed
nitrogen to the aerial part. In this study, we set the two
objectives. One was to produce '*N-labeled nitrogen gas
tracer with higher radioactivity. The other was to feed the
tracer to test plants with natural composition.

3N was produced using the 'O (p, o) "*N nuclear reaction.
CO, was filled in a target chamber and irradiated with proton
ions at energy of 18.3 MeV and electric current of 5 pA for 10
min delivered from the cyclotron (TIARA). N activity at
the end of the irradiation was approximately 200 MBgq.

We tried various ways to efficiently remove CO,, which
inhibits N, fixation in nodules, from the irradiated gas for
obtaining a tracer gas with a higher level of *N-labeled
nitrogen and a suitable composition. First, we used an
alkaline solution. Irradiated gas was blown into vigorously
stirred 1 N NaOH solution through spherical filter as small
bubbles and the residual insoluble gas was collected.

Irradiation of CO,
with proton beam

Removal of CO,

Mixing with air

Fig. 1 The scheme of the production
of *N-labeled nitrogen.

Feeding to plants

Unexpectedly, the bubbles of insoluble gas adhered to the
side wall of the vessel and/or CO, was not removed
sufficiently. Radioactivity of the collected gas was only
10 MBgq.

Second, we employed freezing of CO,. The irradiated
gas was introduced into a narrow stainless tube chilled with
liquid N, and methanol, and the outflow gas was collected
into another vessel.  The temperature was carefully
controlled to around the frozen point of CO,.
seemed that too rapid solidification of CO, caused trapping
of N-labeled nitrogen gas. The Activity of the collected
gas was about 15 MBq.

Lastly, soda lime powder was employed to absorb CO,
gas. The irradiated gas mixed with a small amount of
ambient air was introduced into a vacuum-packed plastic
bag including 50 g soda lime. The residual gas was
effectively collected by infusing water into bag. In this
way, 70 MBq of "“N-labelled gas was collected. The
collected gas was mixed with ambient air and fed to the
underground part of soybean. The serial images by PETIS
were collected for 1 h (360 frames X 10 second). As a
result, the image as shown in Fig. 2 was obtained. Weak
signal was recognized at nodules.

In conclusion, we successfully produced '*N-labeled
nitrogen tracer with abundant radioactivity and natural
composition. However, the signal of nitrogen fixation was
too weak to analyze nitrogen fixation and translocation.
This was probably because the volume of the feeding vessel
was too large and the '*N-labeled nitrogen in the feeding gas
was diluted too much. Improvement of feeding procedures
for higher concentration of *N-labeled nitrogen gas tracer
will be the next challenge.

However, it

Reference
1) S.Ishiietal.,, Soil Sci. Plant Nutr. 55 (2009) 660-666.

Fig. 2 a) Setting of PETIS experiment, b) Integrated
PETIS image. Yellow arrowhead indicates
location of nodule.
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Introduction
In an effort to understand the mechanism of cadmium
(Cd) accumulation in grains, we have conducted

noninvasive imaging of Cd in intact rice plants using a
positron-emitting tracer imaging system (PETIS) and '’Cd
(tjp=6.5h)". In our typical experiment of '”’Cd imaging,
we feed the hydroponic culture solution including '*’Cd to
the roots of rice plants and obtain the serial images of '’Cd
distribution in the aerial parts, i.e., shoots or grains.
Because only 10% of '’Cd fed to the root is translocated to
the aerial part in 24 hours, the more dosage of '°’Cd enables
the more suitable images for subsequent analyses.
Specifically, we fed 60 - 120 MBq of 17¢d to the roots of
several rice plants, resulting in long-time tracing of Cd
dynamics in the aerial parts.

Recently, we attempt to obtain the serial images of '*’Cd
in underground parts, i.e., roots and culture solutions, in
order to estimate the uptake velocity from culture to root.
In this case, the dosage of '“’Cd should be optimized
because the presence of high radioactivity in the field of
view (FOV) of PETIS induces the counting loss of
annihilation gamma-rays, resulting the underestimation of
radioactivity. Although '"’Cd is a weak positron emitter
(0.2%), other gamma-rays affect the PETIS detector and the
counting loss is observed. In this study, we determined the
optimal dosage of '°’Cd for direct imaging of Cd uptake.
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Fig. 1

time of imaging. The solid curve indicates radioactivity in FOV of PETIS during the measurement.
represents 100% (dotted) and 95% (solid) of the plateau value of time-count curve.

determined optimal dosage.

Results and Discussion

7Cd solution was produced and purified at TIARA as
described previously ?, and was infused into a flat
"phantom" container (3 mm thickness, 210 mm width,
330 mm height). This phantom was measured by PETIS
for 24 hours while the radioactivity of '“’Cd in FOV
(120 mm width, 187 mm height) decayed to 1/13 of its
initial value. For the comparison with the case of pure
positron emitter, the same measurement using 18 (tip =
110 min, positron decay ratio: 96.7%) was also conducted.

Figure 1 shows time-course of PETIS counts of '*’Cd and
'8F phantom. Although decay correction was applied,
counting data sets of '’Cd and 'SF phantom were not
constant, but showed a plateau curve. This result indicates
that the counting loss of annihilation gamma-rays was
certainly occurred. In '“’Cd phantom, the counting loss
was diminished after the radioactivity of '”’Cd in FOV
decayed to below 8 MBq.

On the other hand, we should allow some degree of
counting loss at the initial period of imaging in order to
obtain the images for kinetic analyses over the longer time
period. When 5% of counting loss was allowed, the
optimal dosage of '%’Cd for the purpose was determined to
be 15 MBgq.
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Cadmium (Cd) is well known as one of the toxic heavy
metals. In order to reduce Cd accumulation in farm products,
it is necessary to remove Cd from Cd contaminated
farmland soils. Phytoremediation is one of good technique
to recover Cd from these soils. To make this technique
more effective, it is necessary to understand the mechanism
It is known that Cd

movement in the plant body is similar to zinc (Zn)

of Cd dynamics and control them.
movement V. However, these mechanisms are not fully
understood so far. In this work, we compared Cd
absorption and accumulation between control tobacco plants
and transgenic tobacco plants, which were transform with
zinc transporter genes, in order to examine the effect of zinc
transporter on Cd dynamics in the plant body by using
PETIS

is a planner imaging system in which we can obtain serial

positron-emitting tracer imaging system (PETIS).

images of distribution of positron emitting molecules in the
plant body non-invasively?. We already have succeeded
in visualizing Cd absorption, transport and accumulation in
rice plants ¥, oilseed rape plants® and so on by using PETIS.

"7Cd (half-life: 6.5 h) was used as positron-emitting
7Cd was
produced by bombarding silver plate with an energetic
proton beam delivered from AVF cyclotron at TIARA
(Takasaki
Application). Produced '"’Cd was purified, following the
method of Ishioka et al®. Purified '“’Cd was used for

PETIS experiments. In these PETIS experiments, tobacco

radioactive tracer in our PETIS experiments.

Ion Accelerators for Advanced Radiation

plants (Nicotiana tabacumm) (control plants and transgenic
plants) were used.
generated by following the methods of Hayakawa et al?.
of Cd absorption
transformants (DT11) were selected. Tobacco plants were

Transgenic tobacco plants were

From the results experiments,
grown hydroponically in a growth chamber where the plant
growth conditions were controlled completely for two weeks
after sowing. After setting these plants in the chamber,
PETIS experiments were started by adding purified '“’Cd in
In these PETIS experiments, 0.1 uM

Cd was added to hydroponic solutions as a carrier.

the nutrient solutions.

Time-series images of the '°’Cd distribution were obtained
every four minutes for 36 h.

We succeeded to obtain fine serial images of Cd
absorption and accumulation in tobacco plants (control plant
and transgenic plant) (Fig. 1). Strong '"’Cd signals were
seen in the basal region of the shoots. In oilseed rape
plants, we could see strong '°’Cd signals in the basal of the

shoot?. These results demonstrate that the basal of the

shoot plays an important role in distributing Cd in the shoot
of the dicotyledonous plants.
there was no difference in Cd absorption and accumulation
between transgenic tobacco plants and control plants.
In Cd absorption experiments using non-radioactive Cd, Cd
content in transgenic plants was 1.2 times higher than that in
control plants (unpublished data).
differences were not identified clearly in serial images
obtained by PETIS experiments. In this study, PETIS
experiments were performed in low Cd condition (0.1 pM).

Figure 1 also shows that

However, such

Cd concentration might have a significant impact on these
results. Further research to characterize these transgenic
plants may provide clues to elucidate the mechanism of Cd

absorption and accumulation in tobacco plants.
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Accumulation of '”’Cd signals in tobacco plants.
Each image is integration of 90 original frames,

Fig. 1

corresponding to six hours. (A) Control tobacco
plant (Nicotiana tabacumm cv. Petite Havana SR-1),
(B) Transgenic tobacco plant (DT11) which was
transformed with zinc transporter genes from yeast
and Thlaspi caerulescens.
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In general, environmental conditions (e.g. light and
temperature)  strongly affect the accumulation of
photoassimilates in the fruits. Therefore, it should one of
the most effective approaches for improvement of fruit yield
to perform quantitative analyses on dynamics of carbon
transport in an individual plant body under various outer
conditions. We have previously established a method of
non-invasive imaging and quantitative estimation of carbon
efflux from an individual eggplant (Solanum melongena L.)
leaf and influx into a fruit using a positron-emitting tracer
imaging system (PETIS) and ''CO, gas tracer”. Repetitive
experiments on one test plant under various conditions are
enabled by the non-invasive measurement with PETIS and
quick decay of ''C (half-life: 20 min)?. In this study, we
set a focus on quantitative description of the difference of
carbon translocation in morning and afternoon time in a
plant body. Specifically, effects of dark pretreatment
(morning) and light pretreatment (afternoon) on the later
carbon transport from an eggplant leaf into a fruit were
analyzed.

One of two test plants was subjected to the following
In the first
day, a set of the following experiments was done after 48 h
Carbon-11-labeled CO,
gas tracer was fed to the second leaf below the fruit of

sequence of imaging experiments for two days.
of continuous light pretreatment.

interest, and carbon dynamics in the leaf (fixation and
export) was imaged with PETIS for 120 min. Carbon
accumulation into the fruit was also observed for 180 min in
the same way after 30 min of interval for sufficient decay of

remaining radioactivity from the first run. In the second
day, the same set of experiments was done after 36 h of
continuous dark and 30 min of light pretreatment. The
inverse order of light and dark pretreatments was given to
It should be noted that the

environmental conditions including light intensity during the

the other test plant.

measurement were the same in all the four experimental sets.

As the results, four time-activity curves were obtained
from the leaf and fruit from the PETIS data. It was shown
that the velocity of outflow of carbon from the leaves was
approximately twofold higher in the case after 48 h of light
pretreatment than that after 36 h of dark pretreatment
(Fig. 1). Accordingly, the influx rate of carbon into the
fruits was also twofold (or more) higher with light
pretreatment (Fig. 2). These results suggest that the
translocation of photoassimilates from the leaves into the
fruits is more active in afternoon than morning even if the
environmental conditions are the same at the very moment.
Detailed analyses according to the actual day length will be
performed in the next study for the elucidation of the above
hypothesis.
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Introduction

Improvement in crop yield is expected by understanding
The
system is expressed as supply and demand; source organs

“source-sink regulation system” of higher plants.

(e.g. mature leaves) and sink organs (e.g. roots and fruits)
provide and receive photoassimilate, respectively. It is an
important issue how photoassimilate from one source is
properly distributed to respective sinks. In this study, we
analyzed the photoassimilate distribution system to two sink
organs, the root and the shoot apex, using cold-girdling
technique and positron-emitting tracer imaging system
(PETIS). Cold-girdling is known as a method to inhibit
photoassimilate translocation by cooling the plant body
locally. PETIS visualizes dynamics of photoassimilate
translocation non-invasively with ''C (half-life: 20 min.).
Quick decay of ''C enables two runs of experiment on one

test plant before and during cold-girdling treatment.

Materials and Methods

Carbon-11-labeled carbon dioxide (''CO,) gas was
produced from N, gas with nuclear reaction. The N, gas
was irradiated with protons at energy of 20 MeV, which
were delivered from the TIARA AVF cyclotron. The
aerial part of soybean (Glycine max cv. Jack) was transiently
exposed to 40 MBq of ''CO,. Next, ''C-photoassimilate
translocation from the source leaf into the sink organs was
imaged with PETIS for 120 minutes.
PETIS imaging were conducted two times with the same test
Cold-girdling was treated only in the second run by
cooling the boundary region on the stem between shoot and

'co, exposure and
plant.
The interval between two runs was set as more than

root.
30 minutes for sufficient decay of ''C treated in the first run.

Results and Discussion

!1C-photoassimilate dynamic images were acquired with
PETIS.
regions of the root, shoot apex and source leaf in the PETIS
data.
photoassimilate into the two sink organs, the root and the

Time-activity curves were generated from the
Then, three indices were analyzed; the influx rates of

shoot apex, and the efflux rate from the source leaf. As the
results, the influx rate was decreased drastically into the root
(Fig. 1). On the other hand, influx into the shoot apex
hardly changed (Fig. 2).
decreased (Fig. 3). We had expected before the experiment
that decrease of the influx rate into the root would lead to
However, the

The efflux rate from the leaf was

increase of influx rate into the shoot apex.

These
results suggest that the “source supply” is adjusted so as to

result was different; leaf efflux was decreased.

keep influx rate of photoassimilate into the untreated sink.
Further experiments will be performed to analyze the
adjustment mechanism.
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Genetic Interaction between COP9 Signalosome and

SMAPI1 That Function in the 2,4-D Response in
Arabidopsis
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By using ion beams, we previously isolated an
Arabidopsis anti-auxin resistant mutant aarl-1, which
shows root resistant phenotype to
p-chrolophenoxy acetic acid and synthetic auxin
2.,4-dichlorophenoxyacetic acid (2,4-D). The aarl-1
mutation has an approximately 44-kbp deletion in
chromosome 4; this deleted region presumably generated by
ion beams contains at least 10 genes. The SMALL ACIDIC
PROTEIN 1 (SMAPI) gene, one of the genes in the deleted
region, is responsible for the aar!-1 mutation, and encodes a
62 amino-acid-protein (6.9 kDa) with a pl of 3.4 ".
Physiological and genetic analyses of the aarl-I mutants
and the SMAPI gene suggested that the SMAP1 protein acts
upstream of the degradation step of AUX/IAA proteins in
auxin signaling” and that SMAP1 physically interacts to
COP?9 signalosome (CSN) in Arabidopsis extract (Nakasone
et al., submitted). CSN is also an evolutionally conserved
protein complex and known to act on regulation of protein
degradation. One of the major activities of CNS is to
de-conjugate  related-ubiquin (RUB) protein  from
RUB-conjugated CULLIN (CUL) protein, one of the
subunits of ubiquitin E3 ligase, via the metalloprotease
activity of its CSNS5 subunit.

To investigate the interaction between SMAPI and CSN
at the genetic level, we crossed the aar/-1 mutant with the
weak csn mutant csnSa-1, and established a line harboring
the aarl-1 mutation in homozygosis and csnda-I in
heterozygosis (aarl-1 CSN5A/csn5a-1). From the aarl-1
CSN5A/csn5a-1  parental  line, seedlings
distinguishable from either aarl-1 or csnSa-1 mutants
segregated (70 dwarf seedlings out of 363 light-grown
seedlings; x> = 6.33, p > 0.01) (Fig. 1). Genotyping
analyses confirmed that these dwarf plants were aarl-1
csnSa-1 double mutants (data not shown). The root growth
of both aari-1 and csnSa-1 was similar to that of the
wild-type, but the double mutant showed slower root growth
on germination medium than that of the single mutants
(Fig. 2). In addition, the double mutant was more
auxin-resistant than its parent lines (Fig. 2). These results
suggested that there is a synergetic interaction between
aarl-1 and csn5a-1 mutations.
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A A
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Fig. 1  Morphology of
7-d-old
grown on

seedlings

medium
without any growth
regulators.
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Fig. 2 Root growth sensitivity to 2,4-D. Four-day-old
seedlings were transferred onto medium containing
2,4-D at indicated concentrations and further grown for
3 days. The root elongation after transferring was
measured and plotted.

We next examined the RUB modification status of the
CULLI protein, which is a core subunit of SCF E3 ligase and
one of the most characterized RUB-modified proteins, in the
double mutants by western blotting using anti-CULI1
antibody. As previously published, the ratio of
RUB-modified and unmodified CUL1 was higher in csnSa-1
compared with that in the wild-type 2. However, there was
no significant difference in CUL1 modification status
between the wild-type and aarl-I, between csnda-1 and
csnSa-1 aarl-1 (Fig. 3). This suggested that SMAPI has
no or little effect on the RUB modification, although there
were severe morphological effects in the csnSa-1 aarl-1
double mutant.

Although the precise mode of action of SMAPI is still
unclear, further biochemical research on the function and
relationship of SMAP1 with CSN might make clear the
precise mode of action of SMAP1 and its biological role on
the RUB modification as well as on the mechanism of the
downstream ubiquitin-dependent protein degradation system

in plant cells.
aari-1
WT aari-1 esnbsa-1 csnba-1

Fig. 3 Twenty pg of total proteins extracted from 7-d-old
seedlings.  Proteins were loaded on SDS-PAGE,
followed by immunodetection with anti-CUL1 antibody.

— RUB-CUL1
—Ccul1
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The purpose of this study is to develop ion beam
breeding technology and to create useful plant resources.
In particular, our current research is focused on the
step-wise improvement of traits in flower and 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.

In order to obtain red- and yellow-color variants, leaf
cultures of chrysanthemum variety ‘Konatsunokaze’, which
was developed by Gunma Agricultural Technology Center,
were irradiated by carbon ions with a dose of 0.1 to 5 Gy.
Unfortunately, no characteristic variation has been observed
so far in about 500 regenerated plants. We found that the
addition of indole acetic acid (IAA) to culture medium with
a concentration of 10 mg/L increased the plant regeneration
rate by around 30%. This culture condition improves the
efficiency of mutant screening in future experiments.

Seedlings of chrysanthemum variety ‘Hakusui’, which
was developed by Aichi prefecture, were exposed to carbon
ions to improve agricultural traits. The irradiated seedlings
were grown and the cutting was performed 3 times to obtain
non-chimeric mutant plants. Fifty mutant plants that have
lesser number of adventitious buds were selected from 2,000
plants. In another experiment, 6 mutant plants, which did
not show delay in flowering under low temperature
condition, were selected from 1,000 plants grown in winter
season. In addition, several flower mutants were obtained
in a spray variety of chrysanthemum. The trial cultivation
of white-color mutant will be done in fiscal year 2011.

We carried out further improvement of chrysanthemum
varieties “Araddin” and “Araddin2”, which were developed
by Kagoshima prefecture and JAEA, by means of two-step
improvement with carbon-ion irradiation. In this year, 31
candidate plants, which show early flowering under low
temperature condition, were selected from 11,000 plants
obtained from leaf cultures re-irradiated with carbon ions.
In addition, the second screening was carried out for
individual plants selected in fiscal year 2009. Two mutant
lines were selected from 49 lines according to the number of
adventitious buds, flower size and the growth under low
temperature condition.

In order to develop ion beam breeding technology in
trees, improvement of Japanese mandarin orange has been
carried out. The cut surfaces of hypocotyls were exposed

to carbon ions with the dose of 2 and 4 Gy. The 1,169
plants were obtained from 1,798 of irradiated seedlings.
The 165 plants with shorter plant height were selected from
them. These plants will be grown by grafting with
trifoliate orange to create dwarf variety of mandarin orange.

Soybean is an important crop that provides food, oil,
forage and industrial raw materials. Soybean is thought to
be derived from a tetraploid ancestral plant.
sequence of soybean revealed that ~75% of genes present in
multiple copies . It is likely that gene duplication lowers
the efficiency of mutant production.
detailed analysis of mutagenic effect of carbon ions in
soybean?. Dry seeds were irradiated with carbon ions with
a dose of 0.25 to 20 Gy. The number of plants survived

until seed-set decreased as the irradiation dose increased.

Genome

We carried out a

Based on these results, progeny seeds were obtained from
plants irradiated with 2.5 and 5.0 Gy in a large scale.
Despite the duplicate genome, chlorophyll mutants were
obtained with a frequency of 0.47%. These results
demonstrate that carbon-ion irradiation with a dose of 2.5 to
5.0 Gy induces genetic changes while allowing the
production of a considerable number of seed-setting plants.
In order to create useful plant resources in terms of
functional ingredients, dry seeds of traditional pepper
variety in Hirosaki, Aomori prefecture were irradiated with
carbon ions. Various morphological variations such as
shorter internodes,
characteristics were observed. Among them, a plant with
fleshy fruits was thought to be most useful. The HPLC
analysis of capsaicinoide in fruits was performed. While

increased branching and fruit

preliminary, novel peaks, which can not be usually detected
in this variety, were detected in some mutant plants.
Genetic analyses of these mutant plants are in progress.
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1. Introduction

For the spread of radiation application and development
of ion beam breeding technique, ion beams have been
utilized under the Mutation Breeding Project of the Forum
for Nuclear Cooperation in Asia (FNCA) of MEXT
(Ministry of Education, Culture, Sports, Science and
Technology). This project contributes to increase food
production and to improve food quality in Asia, by
developing new mutant varieties with resistant to disease,
insects, and environment, or higher yields and quality of
important crops such as soybean, sorghum, orchid and
banana, and so on. As the Sub-Project on Composition or
Quality in Rice, utilization of ion beam has been started in
2009. Eight participant countries, i.e., Bangladesh, China,
Indonesia, Korea, Malaysia, The Philippines, Thailand and
Vietnam joined the ion beam irradiation with rice seeds.

2. Materials and Methods

In general, hulled dry seeds of a rice cultivar (cv.) of
participant countries were irradiated with 320 MeV carbon
jon beam in TIARA .  After irradiation, seeds were rightly
sent back to the participant countries and grown to obtain
the offspring.

At the FNCA workshop on Mutation Breeding held in
Philippines in November 2010, we have deeply discussed
the appropriate population size for irradiation treatment and
suggested that the minimal number of initial cells to be
irradiated is at least 5,000 in order to obtain enough mutants.
The protocol for selection of seeds after irradiation was also
discussed and it was suggested to harvest 5 seeds from 5
panicles from each M, plant as shown in Fig. 1.

R

'/Population size and mutant line establishment in rice for
mutation induction by ion beams

OPopulation size for mutagenesis
*basically as many seeds as possible,
desirably more than 5,000 initial cell lines (=M,)
OEstablishment of M, lines
M, seeds per 1 panicle (t le-one-grain
for example: 5 panicles x 1,000 M,plants = 5,000 M, lines

" ..’ one-p thod)

<one-panicle-one-grain method>
»

> 5 M, lines

/ (Mutation will be ind ependently ]

occurred in each (or within)
\panicle in case of rice.

Y oYYy

panicle = initial cell line

—

Fig. 1 Protocol for mutation line establishment in rice.

3. Results and Discussion

In 2010, most of participant countries were able to decide
the best doses for mutation induction and some countries
have also carried out harvesting of M,-Mj; plants and their
screening. For example, in the Philippines, initial result
showed that the best dose was found to be 20 Gy and the
lethal doses were 160 and 200 Gy. In the M, generation,
plant height, days to heading, number of productive tillers,
number of seeds per panicle, and sterility were affected by
the irradiation. However, no differences were obtained on
the panicle length and 100 seed-weight. In Vietnam,
mutation has been observed in plant height, grain weight,
maturity or sterility in the M, generation of both Khang dan
and Bac thom varieties. In the M; generation, some
interesting characteristics related to yield were shown and
chosen as for grain weight, short grow duration, tolerant to
disease, and semi-dwarf plant (Fig. 2). In Bangladesh, the
M; progenies derived from irradiated seeds of a local salt
tolerant cultivar-Ashfal were evaluated. The M; progenies
derived from either 40 Gy or 200 Gy included
photoinsensitive mutation. This progenies also included
early mature and high yield characters (Fig. 3).

Fig. 2 Khang dan variety (leff), and its semi-dwarf
mutant that is tolerant against lodging (right).

Fig. 3 BRRI dhan-29 variety (right), and its mutant line
with early mature and high yield (/ef?).
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Chrysanthemum has become the leading temperate cut
flowers in Malaysia for both local and export market V.
Due to its value, demands are high for new cultivars with
good horticultural traits such as unique flower colour and
shape, flower uniformity, early flowering under short day
condition, firmness of the stalk, growth vigour, leaf quality
and suitability of a cultivar for year-round production ?.
Induced mutation through a combination of ion beam
irradiation and in vitro floral organ cultures has a great
potential to produce new cultivars with wider mutation
spectrum . Thus, the objective of this study was to
effects of

chrysanthemum plants regenerated from ray florets.

determine the ion beam radiation on

Ray floret cultures of Chrysanthemum morifolium cv.
Reagan Red were irradiated with 320 MeV '2C®" ion beam
from the TIARA AVF Cyclotron as previously reported .
Regenerated plantlet from cultures irradiated at 0.5, 1 and
2 Gy were acclimatized and sown in 15-cm? pots containing
soil and Perlite with the ratio of 1:2.  Screening was carried
out at MARDI Cameron Highland. Additional 2-h lighting
was applied to provide for the first 28 days of transplanting.
Data collection was conducted in a Randomized Complete
Block Design (RCBD) with 12 replications. Statistical
Analysis System (SAS, version 9.2) software were used to
carry out the analysis of variance (ANOVA) and Duncan’s
New Multiple Range Test (DNMRT) was used for
comparison among treatment means, provided the treatment
effect was significant at 5% level.

Table 1 shows the detailed characteristics of ion
beam-irradiated chrysanthemum plants. Plants from all
three irradiation doses have significantly higher plant
heights than the control. As shown in Fig. 1, the irradiated
plants were taller as compared to the control, which looked
sturdy and bushy. No significant difference was observed
on the day taken to form first visible buds and flower bud
break between the mutants and control, indicating that the

irradiation did not affect the plant maturity and flower

number of flower bud and flower size, by more than 50%
and 1 cm, respectively. All plants (100%) irradiated at
2 Gy have different flower colour from the control, as
compared to slightly above 50% in plants irradiated at 0.5
and 1 Gy.
the same mutation in flower shape (spatulate), as in Fig 2.

Interestingly, all the irradiated plants exhibited

Control 1.0Gy 2.0Gy

Fig. 1 Plant architecture of the control and
irradiated plantlets.

0.5Gy

Changes were also observed in leaf colour and shape.
The 2-Gy irradiated population showed 100% mutation on
both characters, suggesting that ion beam irradiation at 2 Gy
is a promising parameter to induce mutations in C.
morifolium cv. Reagan Red.

Fig. 2 Petal shape of the control (left) and mutant (right).
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uniformity. However, irradiation caused reduction in the (2011) 62.
Table 1 Growth and morphological data of chrysanthemum regenerated from ion beam irradiated ray florets.
Dose Total | Height (cm) | Dayto |Dayto | No.of flower | Flower | Flower size | Type of ray Leaf colour
(Gy) No. of bud bud buds colour (cm) florets mutation (%)
plant (>3 mm) | break mutation
screened visible (%)
Control 36 17.9° 25.3% 54.3° 39.3° - 5.4° Ligulate -
0.5 36 39.3° 26.7° | 55.7° 11.1° 59.1 4.1° Spatulate 63.6
1 36 37.6° 26.6° 55.6° 15.9° 54.5 4.4° Spatulate 100
2 36 40.1° 26.3 55.4° 12.6" 100 4.2° Spatulate 100

Note: Means followed by the same letter are not significantly different.
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The accelerated heavy ions deposit most of their energy
close to the end of their range. Little is known about the
mutational effects of ion beams near range end, especially in
plants. Here, we carried out several experiments to
characterize mutational effects of carbon ions near range end
in plants.

The carbon ions near range end (Mean LET,
425 keV/um) showed higher cell killing effect than
220 MeV carbon ions (Mean LET, 113 keV/um). Doses
corresponding to the shoulder of the survival curves were
180 and 80 Gy for 220 MeV carbon ions and carbon ions
near range end, respectively. We compared the mutation
frequency (MF) using the mutation detection system via
plasmid rescue as previously described V.  While MF
increased by 2.7 times in the case of 220 MeV carbon ions,
MF was unchanged from background level in case of carbon
ions near range end (data not shown). This suggests the
possibility that large structural alterations, which can not be
detected by plasmid rescue, were frequently induced by the
carbon ions near range end.

The Arabidopsis mutant plants defective in Ligase IV
gene, which plays a major role in non-homologous end
joining pathway, showed higher radiation sensitivity than
the wild type for both 220 MeV carbon ions and carbon ions
near range end (Fig. 1). We found that the difference of
radiation sensitivity between the wild type and ligase 1V
mutant was greatly diminished in the case of carbon ions
near range end (Fig. 1(b)). This result suggests that the
carbon ions near range end induce much irreparable DNA
lesions.

To further characterize the mutational effects of carbon
ions near range end, we analyzed the mutations occurred in
Arabidopsis GLI gene with the emphasis on large deletions.
Arabidopsis seeds obtained by crossing wild type Columbia
with gl/l-1 mutant were used as a material. The DNA
markers that can distinguish Columbia and g//-1 sequence
were used to detect deletions. MF on GLI locus was not
significantly different between 220 MeV carbon ions and
carbon ions near range end. However, the carbon ions near
range end induced large deletions (> 5 kb) more frequently
by 6 times than 220 MeV carbon ions. This suggests that
large deletions were frequently induced by ion beams with
very high LET.

In order to examine the LET dependency of the type of
mutations, we examined the radiation sensitivity of material
seeds to four kinds of ion beams and gamma-rays (Fig. 2).
The effects on survival reduction clearly depended on the
LET. Analyses of mutations that occurred in the GLI
locus by these radiations are in progress.
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1) R. Yoshihara et al., Int. J. Radiat. Biol. 86 (2010) 125.
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UVB radiation can affect the plant growth and
development. We previously demonstrated that UVB-
induced cyclobutane pyrimidine dimers (CPDs), the major
UVB-induced DNA lesions, are a principal cause of
UVB-induced growth inhibition in the rice plants grown
under supplementary UVB radiation V.  Furthermore,
increasing the activity of CPD photoreactivation, which is
mediated by CPD photolyase that monomerizes the CPDs in
DNA by using the energy of near-UV and visible light
(300-500 nm), does elevate UVB resistance in rice ".
However, our results also suggest that there is a limit to this
beneficial effect. The aim of this study is to identify new
factor(s) related to UVB tolerance in plants by
bioengineering or breeding programs. In order to
accomplish this project, novel mutants with increased or
decreased UVB resistance are powerful tools.

To produce UVB tolerant or sensitive mutants, dry seeds
of Japanese rice cultivar Sasanishiki (Oryza sativa L.),
which shows higher UVB resistance among rice cultivars,
were exposed to carbon ion beam (320 MeV: '2C®", 80 Gy)
and two UVB tolerant mutants and three UVB sensitive
mutants were isolated from the offspring of irradiated plants.
Within these mutants, we focused on UVB tolerant mutant
utr319 (UV Tolerant Rice 319) and UVB sensitive mutant
usrl (UV Sensitive Rice 1) because the levels of
UV-absorbing compounds and CPD photorepair activities of
these mutants were indistinguishable from those of wild type
(Sasanishiki). It was thought that these are novel mutants
in rice. These results indicate that the mutations of
unknown factor(s) could lead to alteration of UVB

Table 1
in utr319 detected by Array-CGH analysis.

signal intensity
Gene ID (RAP-ID)

Sasanishiki uirdl9
050720264500 2215 2261
050720264900 1464 6
050720265100 681 44
050720265600 1903 1800

Table 2 Signal intensities of a part of gene on chromosome 7

in usrl detected by Array-CGH analysis.

signal intensity
Cene 1D (RAP-ID)

Sasanishiki usrl
050720462200 1125 1083
050720462700 1134 6
050720463100 564 6
050720463400 115 239

Signal intensities of a part of gene on chromosome 7

sensitivity in rice.

To estimate the mutated regions on DNA of each mutant,
we performed array comparative genomic hybridization
(Array-CGH) analysis 2. As a result, very low signal
intensities were detected in 2 genes on chromosome 7
(0s07g0264900, 0s07g0265100; function of each gene
product has been unknown) in u#r379 (Table 1), and in 2
genes on chromosome 7 (0s07g0462700; encoding a protein
with thioesterase domain, Os07g0463100; encoding Rpb6)
in usrl (Table 2). We, therefore, predicted that the regions
on DNA corresponding Os07g0264900 and Os07g0265100
in utr319 and Os07g0462700 and Os07g0463100 in wusrl
were deleted.

To identify the mutated regions in each mutant, we
constructed bacterial artificial chromosome (BAC) libraries
of each mutant. We isolated BAC clones which contain
genomic DNA fragments surrounding the estimated deletion
regions, and analyzed the sequence of them. It was
identified that 45,419 bp on chromosome 7 containing
0s07g0264900 and Os07g0265100 was deleted in utr319
(Fig. 1A) and that 52,498 bp on chromosome 7 containing
0s07g0462700 and 3’ region of Os07g0463100 in usrl was
deleted (Fig. 1B).

In conclusion, we identified the mutated regions in u#r319
and usrl. We are analyzing the relationships between the
deleted genes and UVB tolerance.
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Ion beams have proved to be an effective tool for
mutation generation of plants and have great impact on basic
research, plant breeding and plant seed and seedling
business. Several series of superior carnation varieties
have been developed by ion beam breeding in the joint R&D
between Kirin Holdings Co., LTD. and JAEA. These
varieties have been commercialized both in Japan and
Europe V, which resulted in producing flower wholesale
market of more than 450 million yen per year.

Although several attempts have been made to induce
desired mutants intentionally, reports of clear success are yet
to be seen. If we could control the direction of mutation, it
is very useful to increase the mutation efficiency. We have
been trying to develop an advanced application system of
ion beams to produce color variation in flowers or to add
some improvements in crops. We have shown in our
previous report? that the frequency of flower-color mutation
following ion-beam irradiation can be doubled by using such
materials as purple-pigmented shoots. The results suggest
that the direction of mutation could be controlled.

In this report we describe results of the stability
examination of the mutated characteristics listed in the
previous report and the trial to develop superior breeding
lines for the commercial production of petunia new
varieties.

Flower color mutants obtained in M2 generation from
the original blue flower petunia BBss11 include magenta,
purple, purple vein, light pink, white and burgundy. We
collected more than a hundred M3 seeds from each of the
Of the 12
mutant lines tested, six lines clearly showed the stability in
morphology.
Although the other lines showed some segregations in

M2 plants and examined their segregation.

flower color, flower shape and plant
flower color, every one of the individuals tested for
flowering showed no flower color segregation within the
individual, which indicates changes in flower color derive
from gene mutation (Fig. 1).

We have selected three lines of white-colored M2.
Several hundred seeds were harvested from each line and
One

hundred potted plants were cultivated for each line and

the segregation of characteristics was examined.

grown until flowering. All the lines showed good stability
in flower color, flower size and growth habit. They are

expected to be superior parents for new varieties of petunia

(Fig. 2).
A part of this study was supported by a grant for the
Research and Development Program for New Bio-industry

Initiatives from Bio-oriented Technology Research

Advancement Institution.

Fig. 1
ion beam mutants.

Stability of flower color in M3 generation of

Top: Parent line BBss11, Blue flower color,
Center: M3 flowers of mutant line number 31,
Bottom: M3 flowers of mutant line number 16.

Fig. 2 Superior mutant lines for breeding petunia
new varieties.

References

1) M. Okamura et al., Floriculture, Ornamental and Plant
Biotechnology Vol. I, Global Science Books (2006) 619.

2) Y. Hase et al., Plant Biotechnol. 27, (2010) 99.

- 105 -



JAEA-Review 2011-043

3-44

Lethal Effects of Different LET Radiations in Gene

Disruptant Strain of Deinococcus radiodurans

K. Satoh?, K. Tejima®, T. Onodera® ™ and I. Narumi ®

Y Life Science and Biotechnology Division, QuBS, JAEA,
® Graduate School of Life Sciences, Tokyo University of Pharmacy and Life Sciences

Introduction

Ionizing radiation induces DNA double-strand breaks
(DSBs), which is a particularly serious form of DNA
damage and has an especially deleterious effect in cells.
Ion beams have a 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 . The most
noteworthy characteristic of D. radiodurans is its capacity
RecA and

PprA proteins play important roles in DSB repair through

for repairing ionizing radiation-induced DSBs.

homologous recombination (HR) and non-homologous end
joining repair (NHEJ), respectively>®. Previously, we
reported that D. radiodurans wild-type strain did not show
the dependence of LET on the

effectiveness (RBE)®. In this study, we investigated lethal

relative  biological

effects in recA or pprA gene disruptant strains and
relationship between LET and RBE for different LET
radiations.

Experimental procedures

D. radiodurans cells were cultivated at 30 °C in TGY
Cells
were harvested, washed and resuspended in 100 mM
Tris-HC1 (pH 7.0) containing 2.5% glycerol (TG buffer).
Aliquots (1 mL) of the cell suspensions were adhered onto

medium with agitation to early stationary phase.

cellulose membrane, frozen at —80 °C for 60 min and dried
in vacuo. Freeze-dried cells were irradiated with four
kinds of ion beams (*He®" [50 MeV; 19.4 keV/um], '*C®"
[320 MeV; 86.2 keV/um], >C°* [220 MeV; 121.8 keV/um]
and Ne** [350 MeV; 440.8 keV/um]) accelerated by an
AVF cyclotron, or with **Co gamma rays (0.2 keV/um) at
Food Irradiation Facility, JAEA.
ranged from 0.2 to 10 kGy.
diluted appropriately with the TG buffer, spread onto TGY

The irradiation dose
Irradiated cells were harvested,

agar, and incubated at 30 °C for 3 or 4 days prior to the
RBE was calculated from the
equation: RBE=D,, of gamma rays (Gy) / D10 of ion beams

enumeration of colonies.

(Gy), where D, is the dose quantity necessary for
decreasing the survival fraction to 10%.

Results and discussion

The recA disruptant strain exhibited extreme sensitivities
to gamma rays, *He®’, C®", ’C™" and *Ne** ion beams
than the wild-type strain (Fig. 1).
strain also exhibited sensitivities to these radiations than the

The pprAd disruptant

wild-type strain (Fig. 1). In both gene disruptant strains,
radiosensitivities to four kinds of ion beams were almost
equal to that of the gamma rays (Fig. 1). As shown in
Fig. 2, both gene disruptant strains did not exhibit the
dependence of LET on RBE at range of LET from about 0.2
to 441 keV/um as shown in the wild-type strain® (Fig. 2).
These indicate that RecA-mediated HR and

PprA-mediated NHEJ mechanisms in D. radiodurans play

results

important roles in repairing the ion beams-induced clustered
damage as well as the gamma rays-induced damage.
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Introduction

The ygjD and yeaZ gene orthologs are highly conserved
in a wide variety of organisms. In prokaryote and
eukaryote, YgjD and YeaZ proteins are related to cell
division and genome maintenance, such as cell elongation
and mitochondrial gene stabilization"?. These proteins are
essential for Escherichia coli and Saccharomyces cerevisiae
but not in Synechocystis sp. PCC6803 and Thermus
thermophilus. In a hyperthermophilic archaeon,
Pyrococcus abyssi, it has been reported that Pa-kael, ygiD
ortholog, encodes a novel type of AP-endnuclease®.

Deinococcus radiodurans possesses DrygiD and DryeaZ
However, the
exact roles of DrygjD and DryeaZ proteins are poorly

understood.

genes, which are ygjiD and yeaZ orthologs.

In this study, we generated DrygiD and
DryeaZ disruptant strains and investigated the disruption
effect to DNA damaging agents in an effort to gain insight
into the role of DrygjD and DryeaZ proteins in D.
radiodurans.

Experimental procedures

The DrygiD and DryeaZ gene disruptant strains were
generated directed mutagenesis
technique ¥.  D. radiodurans cells were cultivated at
30 °C in TGY medium (0.5% tryptone-peptone, 0.1%
glucose and 0.3% yeast extract) with agitation to early
stationary phase. For mitomycin C (MMC) treatment,
MMC (20 pg/mL) was directly added to the culture. Cells
were incubated at 30 °C and withdrawn at various time
points. For gamma irradiation, cells were harvested,
washed and resuspended in 10 mM sodium phosphate buftfer
(pH 7) (PB).
irradiated with *°Co gamma rays at dose ranges from 2 to
15 kGy at Food Irradiation Facility, JAEA. After the
treatments, cells were diluted with PB, spread onto TGY
agar, and incubated at 30 °C for 3 days prior to the
enumeration of colonies.

using insertional

Aliquots (0.1 mL) of the cell suspension were

Results and discussion

Unlike E. coli, we successfully constructed DrygiD
disruptant, DryeaZ disruptant and DrygiD DryeaZ
double-disruptant strains in D. radiodurans.  All the
disruptant strains did not exhibit the delayed growth
compared to the wild-type strain, clearly indicating that
neither DrygjD nor DryeaZ protein is essential for cell
viability. These gene disruptant strains exhibited extreme
sensitivity to MMC, which causes inter- and intrastrand

DNA crosslinking, compare to the wild-type strain (Fig. 1).
On the other hand, these gene disruptant strains exhibited
slightly sensitive to gamma rays, which induce DNA
double-strand breaks, at high doses (8 to 12 kGy) (Fig. 2).
These results suggest that DrygjD and DryeaZ proteins are
involved in the DNA repair mechanism and especially play
a critical role in the MMC-induced DNA damage in D.
radiodurans.
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Ion beam irradiation to living body is a research area of
intense interest. Several studies have been made on ion
beam cancer therapy and ion beam mutagenesis-based
breeding technology. Ion beams are high-LET radiation
and are known to have dramatic biological effects.
However, the detailed molecular mechanism on the
biological effects by ion beams has not yet been clarified.

We have been studying ion-beam induced mutations in
the budding yeast as a model of eukaryote cell. The S.
cerevisiae strains used in this study were wild-type S288C,
and rad50, rad52, msh2 and oggl mutants. RADS0 protein,
which makes a protein complex with Mrell and Xrs2, is
required for both non-homologous end joining (NHEJ) and
homologous recombination (HR) repair pathways .
RADS52 protein is a component of HR pathway?. MSH2
and OGG] proteins are components of the oxidative DNA
damage repair. The yeast cells were irradiated with carbon
ions (2C*; 220 MeV; LET 107 keV/um) with a dose of 10
to 200 Gy. The carbon ion beams were generated by an
AVF cyclotron at JAEA. The survival rates following
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Fig. 1 Survival curves for yeast strains after carbon

ion irradiation. Data are from single experiment.

irradiation were determined on the basis of colony-forming
ability. We also performed the gene expression analysis
for RAD50, RAD52, MSH2 and OGG1 following irradiation
with carbon ions and gamma-rays. A one-step quantitative
RT-PCR method was used to measure the expression level.
SYBR Green (Bio-Rad) was used to monitor DNA synthesis.
The amplified products lead to an increase in fluorescence
intensity and thus allowing DNA concentrations to be
quantified. The data was analyzed by a computer software
package (Opticon Monitor 3.1, Bio-Rad), and the relative
amounts of PCR products were compared.

Figure 1 shows the percentage survival of strains exposed
to carbon ions. We used rad50, rad52, oggl and msh2
The rad50 and rad52 strains showed hyper
sensitivity, while the oggl/ and msh2 strains showed
relatively lower sensitivity to the carbon ion irradiation.
Figure 2 shows the gene expression level.  While
preliminary, the expression of RADS50 gene was
up-regulated in carbon ion beams but was not in
gamma-rays. This difference may result from the repair
pathway that operates in mutant strains.

mutant strains.
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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.

We could successfully obtain mutants that have enhanced suppressiveness
against the tomato bacterial wilt by ion-beam irradiation to Pseudomonas fluorescens FPH 9601.

In this study, we

investigated antagonistic effect, production of antagonistic substance against tomato bacterial wilt and survival inside tomato

seedling roots of the mutants.
of the parental strain.

The ability to colonize inside tomato seedling roots of the mutants was not different from that
On the other hands, the ability to produce antagonistic substance from the colonized roots was varied.

However, relationship between the production of antagonistic substance and suppression effect of tomato bacterial wilt was

not ascertained.
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Fig. 1 Characteristics of mutant endophytic bacteria strains
improved using ion beams. A: Suppression of tomato
bacterial wilt by mutant strains. B: Production of
antagonistic substance from roots colonized with mutant
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Most of the nitrogen fertilizers are chemical nitrogen
fertilizers. They are produced using oil and natural gas in
terms of the Haber-Bosch process, which exhausts a large
amount of CO,. In order to supply food to increasing
population in Asia, agricultural production should be
increased and a large amount of nitrogen fertilizer is
required. However, the economically minable period of the
fossil resources is estimated to be around 40 years.
Therefore, a reduction of chemical nitrogen fertilizer input is
required in agricultural practices.

In Asian countries, in order to increase crop yield under
low input of chemical nitrogen fertilizers, many researchers
in agricultural institutes are trying to develop biofertilizers,
which contain beneficial soil microorganisms and increase
availability of plant nutrients from soils. However, several
researchers point out constraints on application of
Major constraint of biofertilizer utilization in
agricultural practice is a serious deterioration of qualities in
biofertilizers under both storage and transportation
In other words, exposing high temperature and
drought stress causes a viability loss of beneficial
microorganisms in biofertilizers. This becomes a serious
problem on the dissemination of biofertilizer in southeastern
Asia.  Therefore, in order to prevent deterioration in
viability of inoculants in biofertilizers exposed to high
temperature, we are trying to improve a phenotypic
character concerning high temperature tolerance in
Bradyrhizobium  japonicum USDAI110, which is a
worldwide superior inoculant to soybean. In this study,
ion-beam microbial mutation-breeding technology is used to
generate high temperature tolerant mutants.

B. japonicum USDAI110 was cultivated in YM liquid
medium until they reached to a concentration of
10® cells/mL. Cells were harvested by centrifugation and
resuspended in a solution containing 1.0% skim milk and
1.5% sodium glutamate. = The suspension was then
subjected to vacuum-freeze drying to minimize the effect of
water radiolysis during irradiation. Freeze-dried cells of B.
japonicum USDA110 were irradiated with carbon ion beams
(220 MeV "2C**) at TIARA in JAEA. Irradiation dose
ranged from 0 to 800 Gy. Aliquots of irradiated cells were
proliferated on YM agar plates in order to fix mutations. In
general, B. japonicum USDAI110 cannot survive at 40 °C.
In order to obtain high temperature tolerant mutants, the

biofertilizers.

conditions.

irradiated cells were put on YM agar plates and kept for over
1 month at 45 °C in several times. But, we couldn’t find
any proliferated colony. Therefore, we developed a new
method to screen survival cells at 45 °C. In the new
method, the irradiated cells were incubated in YM liquid
medium at 45 °C for 5 days, and the cultures were put on
fresh YM agar.  Consequently, we obtained 9 high
temperature tolerant mutants of B. japonicum USDA110,
which can survive at 45 °C for 5 days. These mutants were
classified into 3 groups in terms of differences in colony
morphology and colony size. As shown in Fig. 1, the
colony morphologies of M1 and M2 mutants had white
color with flat emarginated shapes and colony sizes were
almost same as that of wild type strain. In case of M3, M7,
M8, and M9, their colonies had glossy white color with flat
emarginated shapes, and colony sizes were almost same as
that of wild type strain. Regarding M4, M5, and M6
strains, their colonies had glossy pale pink color with flat
emarginated shapes, and colony sizes were clearly smaller
than that of wild type at 5 days after plating. We will carry
out further characterization of those isolates in terms of
temperature tolerant and symbiotic characters.

Colony Sizes (28 "C for 5 days) Colony Shapes
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Fig. 1 The colony morphologies of high temperature

tolerant mutants.
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Repeated FACS-based Screening for Yeast Strain

Highly Expressing Cellulase

K. Ninomiya ?, H. Soda ¥,

K. Satoh b), I. Narumi ®

and N. Shimizu 2)

* Division of Material Engmeerlng, Graduate School of Natural Science and Technology,

Kanazawa Un1vers1ty,

) Life Science and Biotechnology Division, QuBS, JAEA

By using immunocytochemistry and fluorescence-activated cell sorter (FACS), yeast population highly expressing
cellulase on the cell surface was enriched from the mutant population prepared by irradiation with carbon ion beams

(220 MeV *C*, 100 Gy).
population of interest.

[} EE] 54, EFEAAN A~ ATHLELE— 2%
FERE Licxm & 7 — VRBAE~OBLREE > T
b, B —ApHLEEETHHENLT B ERKET S
R Wizt lu—AnbOEET Y ) — VIR
ERE T, BB LT — Y RBENEET A N T
FHEOOREEED 1| 2 EFbnTnb, il
AT —EERBMREEET A0, MaEEIC
FHEL LT 'L T —BOBEREZ B Yo Tt iR
FEICE &2 D2 L2 XY, fluorescence-activated cell

sorter (FACS) % W, t/vﬁ—‘fﬁ%\éfﬁﬁk%i%
TR D E O AEIRZERT & LT high- throughput ST %
Z L ERATE, AENL FACS 12X 23k &M K

LB DWW T 5,

[EBRFE] AR 3 o2/ —+F endogluca
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B-glucosidase A MINIFRBIZFEEBL L 72BER): Saccharomyces
cerevisiae MT8-1/pEG23u31H6/pFCBH2w3/pBG211 #% !

(MTS-1111 #) %7z, £72, MTS-1II RIZRFEA
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B — AR | 28 BURAER A RS U7, BEREORERI1E SD
& VT 30 °C TIT 272,

HIERIE YA Y FACS : BEREREO LT —E 4y
TFTOEZEEESE L CRHMIT 5720, EGI 72 b T
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B ET - T EERERIT
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FASHEDS 10* LA EOfESR (P4 FEIR) 1C43AF 9 5 AR
EIED 1.6% Tdh-o7- (Fig. 2), Z OEIL#EH Ok
# (Fig. 1, Selection A) TIFZ L L72noTz,

WA, BIRR MTS-1II BRIZHE LU [A A B — A FREHC
X BRI | 134T, [FACS 12 L % P4 fEIE O
N OB % | K L1772 - 7= (Fig. 1, Selection B) ,
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E 6T, BEMTS-1IBRICHT LT T4 4 B —AR
Bz X 2 EHE AN | Z—RIfTV>, [FACS |2 X % P4 fEIK
OMIRER OB E | ZBVIKLITR->72 (Fig |1,
Selection C), Z DFEHE, P4 FHIKAN DML OE S 1L,
BIMT BR T 6.9%IZ, s MT, 88T 10.3%2Em4 2 Z & 2
o (Fig. 3). ZORERMN G B MTS-1111 #IZ

. FACS % FUCatess e 2 & L,

Repeated FACS after irradiation with carbon ion beams was effective for selecting yeast

LT A A e— LRI L 2EREA] & TFACS
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Reference
1) Y. Fujita et al,,
5136.

Appl. Environ. Microbiol. 68 (2002)
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Fungi Induced by Carbon Ion Beams

T. Saito”, S. Shinohara®, K. Satoh® and I. Narumi

? Faculty of Agriculture, Shizuoka University,
® Life Science and Biotechnology Division, QuBS, JAEA

Entomopathogenic fungi, Isaria fumosorosea and Beauveria bassianai, are important agents to control insect pests, but the
fungi are highly susceptible to conventional fungicides for plant diseases such as powdery mildew. The purpose of this
study is to generate mutants tolerant to fungicides (benomyl and triflumizole) using carbon ion beams (50 to 400 Gy).
Fungicide-tolerant mutants were selected on the medium supplemented with fungicides (1,000 ppm for benomyl and 150
ppm for trifulmizole). Subsequently, minimum inhibitory concentrations (MICs) of the mutants were determined. In the /.
fumosorosea mutants, MICs of benomyl and triflumizole increased more than 5 and 4 times, respectively, compared to the
original strain. In B. bassiana mutants, MICs of benomyl increased more than 5 times. Two-step irradiation with gamma
rays (50 and 500 Gy) and carbon ion beams (100 and 200 Gy) was also tested. MICs in mutants obtained by the two-step

irradiation were similar to those in mutants obtained by single irradiation with carbon ion beams.
carbon ion beam irradiation is greatly useful for making fungicide-tolerant mutants of entomopathogenic fungi.

These results indicate that
Further

studies will be needed to determine pathogenicity of the mutants against host insects.

B ERERITIEE S ORBEEZIATND 2 Ehb,

IPM (IR A 55 U BRE) O W R EE L ST b,
IPM OEBEMROOE DL B SN TV D DR KREER R
SR AEY (BRBFAER) 205 EWHBLiERE T
HHH, BRFAETIREMEOFH LIZS DN EN S #
BERZTWD, ZOHAMZEREE LT, ZHEA
it & v 5 FkRE 2 A3 2 B R FURIRE 2RI 35
ZENEZLND, AIZEOBRIE. REAAF L E—
LD X DR EREEEIN 2 AT, RFEHZ
B HIEHCRIRE  (Isaria fumosorosea M Y Beauveria
bassiana) DOFEEAIMIELEREKEZRAIMT 22 L TH D,

AW TIL, REA A B — L DOHEMBE KO
<RI LA DR T 2 BPSIREIC Lo TERKE
Bk L7, REREIL. BEREL DA TETROM
TRE TR AR ORGSR V& RICIE Lz, BEANT,
HERD N> L— bKFIA] (50%_/ L) & Y 73
FLAI (15% b U 72V —) AL, SRR,
H7 e —%K (SDA) FHCE:Z (20°C, 3EM) L.
R X721 % 0.1% Tween 80 % & Te KR /KIZHR
WL, APEEEZHNTAVT LT o VE— (BER
45cm) HIZHAEFE2EDT-,

IRFEA A B — LOBMPBS . AT ZEDZT 4
NE—Z v —L (HAEA6 cm) AN, vy—L FH
ENTNECHE-T-OL, A4 E—2E B L
(50~400 Gy, 50 Gy [#If@), BHZ, 74V Z—%E
vy (10mL &) 1B L, 72—k (SD) £ 2 mL
ZAALT20°C T 1 HEREE LT, Bk, V7 A%
AWTZ v — LOREKEZHEHICREIE, 20
200 uL ZFXE AN SDA Bt (~X/ 21 1,000 ppm,
hU 73 —/L 150 ppm) (Z8A L7z, 20 °C T 3 A
BRELEOL, BE R au =— % R Aliits 22 7
e Uk - Bl

Hoefe A e—A0 2 BRI  SETE4E
BT A4 NE =T v —LICAN, ETH U ~BE R
SL7z (50 RUN500 Gy), FEHTZD 7 /L 5#—% SDA
B ECES, YYy—VEREZD T S UBETED, E
ETYEE~1 HREE L-0b, REA A E—L %M

(100 XY 200 Gy) L7z, BE%DO 7 ¢ L& —iL,
A F e — LB OS5 L FIFE, SD B TR L
706, BEF I L7TZ SDA U A6 L CRREH
TP SR A 3 - A L7,
FROBEARELEBRAOE AL (HA4mm) &%
PEEEEPBE O TEAIVRIN SDA Rl L, 25 °C T
2 ARG EEZ O MIC (B REBRILRE) 2RDi-, &
DOFEFL, I fumosorosea DX I VRIS FAKIT 5 L4
ro. MU T IV VBREERKIT 4 52 ED MIC %
R L7~ (Table 1), B. bassiana DX/ I LRI ARG
5ELLED MIC /R L722Y (Table2), RU 7 IV —)b
M2 BARITIE B IR o T2, 2 BEREIRETIC X » TS
AT BARD MIC ITHMBH OZN L RI%ETH -7,
UbDZ &t REA A — ORI E BR
JORRE O R E A AR OEHICRIHTE S %
26D, 5%, 50N BEFIMHEZE BAROIF IR
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Reference
1) T. Saito et al., JAEA Takasaki Ann. Rep. 2009 (2011)
76.

Table 1 MICs (ppm) of fungicides in I fumosorosea
mutants.
Mutants Benomyl Triflumizole

4-Ben34P1 * > 5,000

2-PB1 * 5,000 > 1,200
RI1-1B8 ** > 5,000

R1-2T20 ** > 1,200
R1-2T22 ** > 1,200
Original strain (PF3110) 1,000 300

* Single irradiation, ** Two-step irradiation with gamma
rays.

Table 2 MICs (ppm) of fungicides in B. bassiana mutants.

Mutants Benomyl
2-BB22 * > 5,000
2-BB24 * > 5,000
5-Ben47B * > 5,000
R1-2B33-1 ** > 5,000
Original strain (BB1026) 1,000

* and ** See Table 1.
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Ion Beam Breeding of “Sake Yeast” and

Test Brewing — the Second Report

T. Masubuchi ¥, O. Kamiyama ), K. Satoh”, Y. Hase ® and I. Narumi "

% Gunma Industrial Technology Center,
® Life Science and Biotechnology Division, QuBS, JAEA

We are trying to obtain high ethyl caproate producing Sake yeast by carbon-ion irradiation.

Freeze-dried yeast was

irradiated with 220 MeV carbon ion beams in a range of dose from 50 to 300 Gy by AVF cyclotron at JAEA. We isolated
1135 cerulenin resistant mutants of sake yeast “Kyokai-901” and ”No.227 (previously generated ion beam mutant strain)”.
A 57 kg-scale test brewing demonstrated that No.227 has enough fermentation ability like KAZE-2, and further suggested
that No.227 is suitable for practical use as a new type of yeast for quality sake because of its sweetness and uniqueness in

flavor.

BRI CIIA Y OF L OB EEFTEERERE S LT TR
BRKAZEEER: ) ZBEICEMALL TV DA, HEH O
I OB KGR U287 - 7B O BR%E &3 <, Rk
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Too Wi EHLHHEIZE L 900015 TH D, SR E
U CHEBKAZERERE (25) 2V iz, slBRERS IR
PEEREM ' ¥ — A OBEERME AV, 40%5EE 1L
H 82 JF0BE & L 72 #KST7 kg DISEETE » 24T - 7=,
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Fig. 1 BMD in sake-moromi by test brewing.
Table 1 Components contained in sake by test brewing.
Strain No. Alcohol Sake Acidity Amino Sake cake
. content (%) meter (mL) acidity (mL) ratio (%)
No.1333 179 +0.7 17 12 432
No.227 18.3 +4.0 1.4 1.0 50.4
KAZE-2 18.0 +43 13 0.8 55.1
Isoamyl Ethyl
Strain No. alcohol Ethyl acetate Isoamyl acetate caproate
(ppm) (ppm) (ppm) (ppm)
No.1333 88.8 217 0.7 11.0
No.227 1203 31.8 2.0 74
KAZE-2 1279 234 25 56
References
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The Long-term Storage of Rhizobial Biofertilizer

Made from y-sterilized Carriers
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that holds
microorganisms for plant growth (e.g. Rhizobia) in the

Biofertilizer is a substance beneficial
carrier such as peat, perlite, charcoal and soil D Rhizobia
are able to form the root nodule on the leguminous host
plants and inhabit as nitrogen-fixing endosymbionts.
Numerous studies on the inoculation technique of rhizobia
to host plants at agricultural fields have been carried out
worldwide. = However, except in a case of a low
competition with native microbes, the practical technique
that shows remarkable effect on the plant growth has not
been established. To utilize symbiotic nitrogen fixation for
agricultural production more effectively, it is necessary to
develop advanced rhizobial biofertilizers that keep the
amount of viable inoculants for a definite period of time.
The inoculants survival in the biofertilizer could be affected
by the physical and chemical properties of carrier materials
and by the competition with native microbes in the carrier.
Gamma-irradiation is expected to sterilize the carrier
materials without changes in physical and chemical
properties. In an effort to demonstrate the effectiveness of
y-sterilization, the survivals of inoculants were monitored to
assess the shelf life of biofertilizer.

As carrier materials, Japanese peat soil “Keto-tsuchi” and
three kinds of Japanese typical soils (forest subsoil of the
Kanto Loam Formation, cultivated topsoil of Andosol and
Gray Paddy soils) were prepared. To make the soil-based
artificial carriers, each Japanese typical soil was mixed with
charcoal powder (3:1). In order to optimize y-ray dose to
sterilize soils, the survival rate of native microbes in the
prepared soils were determined. As a result, 50 kGy (dose
rate: 10 kGy hr') was determined to be suitable to sterilize
soils (Fig. 1).

Following the sterilization of the carrier materials by
50 kGy of y-irradiation or autoclaving at 121 °C for 40 min,
water suspension of Bradyrhizobium japonicum, a member
of rhizobia, strain USDA110 was inoculated. B. japonicum
forms the root nodules on soybeans (Glycine max) and
Additionally,

biofertilizers that consisted of the inoculants and one of the

supplies fixed nitrogen to host plant.

non-sterilized carriers were prepared as controls. The
initial density of inoculants in the biofertilizer was adjusted
to 6.6 x 107 cells g
polyethylene bags and stored for 12 months in 30 °C.

The biofertilizer was packed in

After storage, viable inoculants in the biofertilizer were
enumerated by the dilution plate method. The number of
inoculants in biofertilizers made from non-sterilized carrier
was monitored by PCR that amplifies the nodD-nodY region
of B. japonicum.

The inoculants density after 12-month storage was
greater than the initial density in biofertilizers made from
sterilized carriers, while that was significantly decreased in
biofertilizers made from non-sterilized carriers (Fig. 2).
Gamma-sterilization was superior to autoclave-sterilization
Because of the
stability of supply, the high sterilization effect with lower

in enhancing the survival of inoculants.

radiation doses, and the high performance in maintaining the
inoculants density, “Keto-tsuchi” was selected as one of the
most suitable for a biofertilizer’s carrier.

Reference
1) K. Senoo and I. Narumi, FNCA Biofertilizer Manual
(2006) 41.

Dose (KGy}

Fig. 1 Survival rates of native microbes in the different

kinds of soils after y-irradiation. Survival microbes

were not detected at 50-kGy irradiation.

lo“l L T L] T LJ L) 10‘ T T L] L] T L] L]
0 &0 lznmmmtsgs 0 &0 120 120 240 300 350
Gray Paddy seil
|°‘| L T L] T L L] lv T T L] L] T L] L]
0 &0 120 180 240 300 366 0 50 120 180 240 300 350
days days

Fig. 2 Survival of rhizobial inoculants in biofertilizer
stored at 30 °C.
non-sterilized Gray Paddy soil, survival inoculants were
not detected at 6 and 12 months.
+SD around means.

In biofertilizer made from

Error bars indicate
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Oxygen Reduction Activity of Transition Metal and

Nitrogen Doped Carbon Films Prepared by Pulsed
Laser Deposition

S. Yamamoto, T. Hakoda, K. Yoshimura, K. Kawaguchi and M. Yoshikawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Polymer electrode membrane fuel cells (PEMFCs) have
attracted attention because of their higher energy densities,
low operating temperatures and lack of pollutant emissions.
However, several issues must be overcome toward their
commercially viable technology; the activity and cost of
Platinum (Pt) and Pt alloys
are the most attractive catalysts for an oxygen reduction
reaction (ORR). But they have a drawback of high cost
due to their limited supply. Therefore, low Pt loading
catalysts and non-Pt catalysts have been developed. One
promising catalyst is based on the transition metal
(TM)-nitrogen (N)-carbon (C) systems (TM: Co, Ni, etc.).
The method  generally involved the
heat-treatment of a TM precursor, i.e., carbon powder, and a
source of nitrogen at 600-1000 °C. The TM-C-N systems
were also prepared by a sputtering method. This method

cathode catalysts are crucial.

preparation

enabled one to prepare the TM-C samples at various

compositions by sputtering of target materials and

subsequent deposition of them to a substrate. Moreover, N
species can be doped to the samples by the deposition in the
presence of N, gas.

In the present study, we prepared TM and N doped
carbon films by depositing of TM and isotropic graphite on
a heated glassy carbon (GC) substrate in the presence of N,
gas using a pulsed laser deposition (PLD). The PLD was
performed by the second harmonic Q-switched Nd:YAG
laser with a wavelength of 532 nm. A typical laser fluence
and repetition rate were 300 mJ cm 2 and 10 Hz, respectively.
The ORR activity of the films (thickness: ~3 pum) was
electrochemically determined using a rotating disk electrode
system.  The reference and counter electrodes were
Ag/AgCl with a saturated KCl solution and a Pt wire,
respectively. The electrolyte was a 0.5 mol dm~ H,SO,
aqueous solution at room temperature. The films were
characterized wusing transmission electron microscopy
(TEM), (XRD), and Rutherford
backscattering spectroscopy (RBS). The RBS analysis
using a 3 MV single-stage-accelerator at JAEA Takasaki
was employed to determine the composition of the films.

Figure 1 shows the ORR activity for Co-N-C, Ni-N-C
and N-C films as function of the temperatures of the GC
substrates during the PLD. The ORR activity of Co-N-C,
Ni-N-C and N-C films increased with elevating temperature
(300 - 600 °C) of the GC substrate during the deposition.
The Co-N-C film prepared at 600 °C in the presence of
66.7 Pa N, showed the highest ORR activity among the
prepared films; its ORR potential (Epgz ) was 0.66 V (vs.
NHE). However, this ORR potential of the Co-N-C film is

X-ray diffraction

still insufficient compared to the ORR potential of Pt film on
GG substrate (Eggz : 0.85 V) measured by our rotating disk
electrode system. The results of TEM, XRD and RBS
indicated a Co-N-C film deposited at 500 °C has amorphous
structure and the following composition, in atomic percent:
Co (42%), N (21.0%), C (69.8%) and oxygen
contamination (5.0%) determined by RBS spectra shown in
Fig 2. Our preliminary results suggest that suitable choice
of TM and higher deposition temperature make it possible to
improve ORR activity of TM-N-C films.
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Fig. 1 Eogg for (e): Co-N-C, (A): Ni-N-C and (m):

N-C films as function of the temperatures of the GC
substrates during the deposition.
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Fig. 2 2.0 MeV “He" RBS spectrum from a Co-N-C film
(thickness: ~300 nm) on GC substrate. The film was
deposited at 500 °C.
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Fabrication of Functionalized Polystyrene Nanowires

by the Single Particle Nano-Fabrication Technique

S. Seki ¥, A. Asano ™, Y. Maeyoshi ®, S. Tsukuda
M. Sugimoto © and M. Yoshikawa

2 Department of Applied Chemistry, Graduate School of Engineering, Osaka University
% Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,
° Environment and Industrial Materials Research Division, QuBS, JAEA

Radiation promotes various chemical effects in materials.
In the case of polymeric materials, the main effects of
radiation are controlled by chain scission and cross-linking
reactions. We have succeeded in direct formation of 1-D
nanostructures based on the cross-linking reactions in the
thin films of several kinds of polymers by irradiation of high
energy charged particles; single particle nano-fabrication
technique (SPNT) ™.
nanostructures in length and number density by SPNT.

Polystyrene gives well-controlled

The Cross-linking G value (number of crosslinks/100 eV of
absorbed dose) of polystyrene indicates drastic change by
introducing functional groups into the styrene monomers .
In this report, the nanostructures based on the polystyrene
derivatives were fabricated by SPNT and observed by
The

surface of the nanostructure based on alkyne-functionalized

atomic force microscope (AFM) measurement.

polystyrene was modified by using Cu catalyzed Click
reaction.

Pendant acetylene and chloromethyl functionalized
copolymers were prepared by living free radical process.
PSES and

PSPC

chloromethyl

Poly(styrene-co-4-ethynylstyrene);
poly(styrene-co-4-chloromethylstyrene);
acetylene  and
functionalized monomers by NMP; nitroxide-mediated

were

polymerized  from

radical polymerization, respectively. In order to evaluate

the effects of functional groups, polystyrene; PS was also
synthesized by the same polymerization method.

(@) Y
5

(d)

%3

Fig. 1

Chemical structures

of polymers; (a)
poly(styrene-co-4-ethynylstyrene) and (d) polystyrene.
AFM micrographs of nanowires based on (b)-(c)
PSES and (e)-(f) PS film prepared by exposing films
to a 450 MeV X" at 3.0 x 10® ions cm™.

Nanostructures based on PSES and PSCS were fabricated
by SPNT and confirmed by AFM measurement (Fig. 1).
The lengths of the nanowires were simply controlled by film
When
the PSES film was formed by drop-cast method, fabrication

thickness, which is likely to the case of polystyrene.

of 20 um nanowires in length was succeeded.

The radii of the PSES, PSCS, and PS nanowires were
determined 13.2, 13.0, and 4.6 nm by AFM measurement
and calculation on the ellipse model, respectively. The
values of G(x) for PSES, PSCS, and PS were calculated 2.7,
2.8, and 0.3 (100 (eV)™).
acetylene and chloromethyl

These results show that
groups promoted the
cross-linking reaction.

It is well known that terminal alkyne groups can react

with azide groups under Cu catalyst as Click reaction. The
surface of PSES nanowires was modified with
Poly(styrene-co-4-azidestyrene) by Click reaction. The
height of nanowires was increased after modification

(Fig. 2).
surface of nanowires maintain its function, leading to be

This result indicates that alkyne groups on the

points of effective substitution reactions.

20 . _
— After modification
c 15 L — — Before modification_
cC
S~
= 10
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0 100 200
Horizontal Distance / nm
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Fig. 2 Cross-sectional profiles of nanowires based on
PSES before (dot line) and after (line) modification
with poly(styrene-co-4-azidestyrene) by Cu catalyzed
Click reaction.
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Au Nanoparticles by Ion Beam Irradiation
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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'™.
In this paper, we report the direct formation of the
hybrid

nanowires, produced by single ion irradiation of the PHS

poly(vinylphenol) (PHS) and Au nanoparticls
films including Au nanoparticles. The direct observation
was carried out using AFM, and inner structures of
nanowires were observed by TEM. The radial sizes were
also discussed in terms of both radiation dose and
crosslinking efficiency.

The PHS and HAuCl4-4H,0O were dissolved in MeOH at
5 and 0.1 wt%. This hybrid solution was spin-coated on
the Si substrate. These thin films of PHS and PHS/Au
hybrids were subsequently placed in a vacuum chamber and
exposed to 490 MeV '?0s*** beams at the Takasaki Ton
Accelerators for Advanced Radiation Application (TIARA)
cyclotron accelerator facility of the Japan Atomic Energy
Agency. After irradiation, the samples were developed
The direct
observation of the surface of the substrates were performed

using isopropylalcohol (IPA) for 1 minute.

using an atomic force microscope (AFM Seiko Instruments
Inc.(SII) SPI-4000).
the nanowires was performed using a Transmission Electron
Microscope (TEM: JEOL JEM-2010).

The hybrid PHS film including Au nanoparticls was

The observation of inner structures of

prepared on Si substrate. This film was exposed to
490 MeV Os ion beam at ion fluence of 1.0 x 10'* ions/cm?.
hybrid
nanowires based on PHS including Au nanoparticles

After development procedure using IPA, the

Table 1 Radii of PHS and PHS/Au nanowires
formed by 490 MeV Os ion beam.

Ion beam Radius (7) [nm]
PHS PHS/Au
490 MeV Os 6.6 6.2

Fig. 1
formed by 490 MeV Os ion beam irradiation to PHS
included Au nanoparticles thin films at the fluence of
1.0x 10" ions cm™.

(a) AFM and (b)TEM micrographs of nanowires

(PHS/Au) were successfully formed and isolated on the Si
The radii of PHS and
PHS/Au nanowires were also measured using AFM trace

substrate as shown in Fig. 1 (a).

The radii of nanowires based
These
results indicates the including Au-nanoparticles inhibits

and summarized in Table 1.
on PHS/Au were smaller than that of PHS nanowires.

cross-linking reaction, resulting in reduced cross-linking
efficiency of the PHS/Au film compared with that of PHS.
The significant decrease on cross-linking efficiency between
PHS and PHS/Au influences the radial sizes.

In order to concern the morphology and size of Au
nanoparticles in the PHS nanowires, the TEM observation
was carried out. The 1~3 isolated nanowires were partially
observed as shown in Fig. 1 (b). Here, Au nanoparticles
The
included particles sizes were 3.6~5.5 nm, and the number of
It is expected that the

inner-structures of nanowires consisted of three dimensional

were clearly observed in single PHS nanowires.
particles per one wire is 1 to 3.

cross-kinked network structures, and then this inner-network
structures of PHS polymer functions to bind the Au
nanopartilcs within the nanowires.

The hybrids nanowires based on PHS including Au
nanoparticles were easily formed by ion beam irradiation to
their hybrid film. The size of Au nanoparticles in PHS
nanowires was raging from 3.6 to 5.5 nm. The average
radial size of PHS/Au nanowires was slightly decreased
compared with that of the PHS nanowires.
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Nano fiber with quite large specific surface shows
excellent catalyst and absorption activity compared with
bulk materials. Recently, we succeeded in obtaining the
palladium folded Silicon Carbide (SiC) nano fiber by ion
beam irradiation from the polymer-blend thin film with

polycarbosilane (PCS) and palladium acetate'™.

However,
the nano fiber falls on the substrate during the solvent
extraction process, because the strength of the nano fiber
decreases by swelling. Therefore, it is necessary to expand
the control range of diameter to make the nano fiber with
enough strength. In this research, we report the new
control method of the radius of the nano fiber by ion beam
irradiation and additional electron beam (EB) irradiation.
Polycarbosilane (NIPUSI Type-A), as a precursor
polymer of SiC ceramics, was purchased from Nippon
Carbon Co. LTD and solved into toluene, then the solution
was spin-coated on polished Si substrates to make the
polymer thin films. The obtained films were irradiated
with 490 MeV '20s*** ion beams in vacuum at ambient
temperature. Subsequently, the films were irradiated by
EB with total dose up to 2.4 MGy in helium. After this
two steps irradiation, the samples were treated by solvent
and the cross-linked part insoluble in the solvent was
developed as polymer nano fiber. These were fired in
argon atmosphere at 1,273 K for 1,800 sec using an electric
furnace with a heating ramp rate of 250 K/h, giving the
Direct observation of
the nano fiber was conducted using Scanning Probe

ceramic nano fiber on the substrate.

Microscopy (SPM) using dynamic force microscope method.

The size of cross-section of a nano fiber is defined as an

40
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Fig. 1 Radii of nano fiber formed from PCS thin films

by EB irradiation with various dose.

average radius of cross-sectional measurements.

Radii of the PCS and SiC nano fiber formed by the
additional EB irradiation with various dose are presented in
Fig. 1. The value of radius of PCS nano fiber increased
with the dose of EB and that of the SiC nano fiber also
increased, because the PCS nano fiber shrinks in a constant
ratio during firing. Figure 2 shows scheme of radius
control mechanism of the nano fiber by the additional EB
irradiation.  Single ion bombardment can release the
energy at high density within a limited area along the ion
track and then form the cross-linked cylindrical gelation part
with diameter of the critical energy density of gelation for
polymers .  On the other hand, the additional EB
irradiation  produce

cross-linking points.

homogeneous  distribution  of
Therefore, cross-linking reactions
also occur at the outer part of the gelation part formed by ion
beam irradiation, resulting in increase of the radial size as
shown in Fig. 2.

The two step irradiation will enables to fabricate
self-standing nano fiber with supreme large specific surface
from much kind of polymers containing catalyst elements;
therefore it has been expected as high efficiency catalyst and
adsorption materials.
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There is growing interest in separating hydrogen (H,)
from high temperature gaseous streams generated by
combustion of fossil fuels. In particular, H, production
using inorganic membrane in integrated gas combined cycle

(IGCC) power plants has received much attention .

Since
the membrane is exposed to highly reactive gases such as
carbon monoxide (CO), both membrane and supports are
In this study,

we prepared silicon carbide (SiC) membrane on porous

prepared from chemically stable materials.

alpha alumina supports using our reported method reported
previously?.

Alpha alumina tube, which is chemically stable but has
large sized pore (approximately 100 nm), was used as the
support.  First, supports were dipped in the 10 mass%
polycarbosilane (PCS), polymer precursor solution for 1 s
After drying,
supports coated with PCS film were immersed into another

and drawn up by 40 mm/s (the first dipping).

PCS solution whose concentration was 3 mass% for 0.8, 1.5
and 2 s followed by withdrawing by 40 mm/s (the second
dipping).
by electron beam irradiation in helium atmosphere and
For the
comparison purposes, SiC membrane without the second
dipping was prepared. Single gas permeance of hydrogen
(H,), argon (Ar) or nitrogen (N,) of the membrane was
measured.

Subsequently, they were cured and cross-linked

pyrolyzed at 973 K in argon atmosphere.

Figure 1 shows the gas permeation property of SiC
membrane prepared without the second dipping.
Permeance ratio of Ar to N, (Pa/ Pn2) was derived to be
0.92 and slightly larger than 0.84 which is expected when N,
and Ar diffuse through the membrane by Knudsen diffusion
mechanism. This indicates some larger sized defects than

10°¢

—_
(=}
4

Permeannce/ mol/m*/s/Pa
S
|
|
|
\
*

10°
028 03 0.35

Kinetic diameter/ nm

0.37

Fig. 1

Permeation temperature was 523 K.

Gas permeation property of SiC membrane prepared
by coating of PCS film using 10 mass% PCS solution.

kinetic diameter of N, of 0.36 nm were leaved in the
membrane. The permeance ratio of H; to N, (Pyy/ Py,) was
11 and larger than 3.7 for Knudsen diffusion of Hy,
indicating a portion of H, molecule diffuses by molecular
sieving mechanism.
sub-nano meter sized pores coexisted in the membrane.

Consequently, large defects and

Figure 2 shows gas permeation properties of SiC
membrane prepared via immersing. For immersion time of
0.8s, P,/ Pxy was obtained to be 0.75 and lower than 0.84.
Low value means larger sized defects formed in the
membrane by the immersion.
was increased to 1.5 s, P,/ Py, was increased up to 1.7.
As shown in Fig. 2, this was caused by decrease of N,
permeance as a result of discriminately plugging defects
larger than 0.36 nm. However, the ratio of Py,/ Py, of 12
was not large as expected, though higher H, permeance than
that shown in Fig. 1 was obtained. Accordingly, both
sub-nano meter sized pore as large as about 0.36 nm for N,
diffusion and as large as about 0.29 nm for H, diffusion with
molecular sieving mechanism, predominantly coexisted in

When the immersion time

this membrane, whereas large sized defects were plugged.
Further increasing the immersion time to 2 s, whole gas
permeances were increased. It suggests resistance of the
diffusion of molecules was reduced by the decrease of
thickness of membrane. Finally, SiC membrane with
sub-nano meter sized pore was prepared on alpha alumina
support by plugging large
preparation method.

sized defects using our

References
1) M. Abdollahi et al., J. Membr. Sci. 363 (2010) 160.
2) A. Takeyama et al., Mater. Trans. to be pubilshed.
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Fig. 2 Gas permeation property of SiC membrane
prepared by coating of PCS film using 10 mass%
solution followed by immersing of PCS film in 3
mass% solution. Permeation temperature was 523 K.
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Synthesis of Nano-Crystalline SiC Nanotubes by

Ion-Irradiation Technique

T. Taguchi?, S. Yamamoto ”, K. Kawaguchi® and S. Shamoto *
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Since the discovery of carbon nanotubes (CNTs) in 1991,
significant numbers of researchers have synthesized new
one-dimensional nanostructured materials such as nanotubes,
nanorods and nanowhiskers for potential applications.
Some of them have reported that many nanomaterials such
as TiC, NbC, BN, SiO, and GaN nanostructures are
SiC is one of the
most important wide-band-gap semiconducting materials for
And SiC is also one of
the most important structural materials at high temperature.

fabricated from CNTs as the template.
high temperature and high power.

Therefore, SiC offers exciting opportunities in electronic
devices and in structural materials at high temperature. We
reported that the polycrystalline C-SiC coaxial nanotubes,
CNTs sheathed with SiC, that
polycrystalline single-phase SiC nanotubes were formed 2.

which  were and
Furthermore, the single-crystalline SiC nanotubes and the
amorphous SiC nanotubes were successfully synthesized by
the ion irradiation of the polycrystalline SiC nanotubes at
900 °C and 100 °C, respectively >.
crystalline SiC nanotubes, which have SiC nano-crystals with

However, nano-

less than 10 nm diameter in the amorphous SiC matrix, have
not been synthesized yet. The purpose of this study is,
therefore, to synthesize nano-crystalline SiC nanotubes by
ion-irradiation technique.

Carbon nanotubes (GSI Creos Corporation, Tokyo,
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 nantoubes were

Japan) were used as the template.

formed by the heat treatment of C-SiC coaxial nanotubes at

600 °C for 2 h in air. Thin films of single-phase SiC

Fig. 1
corresponding electron diffraction pattern of SiC
nanotubes irradiated with 3.5 x 10" ions/m?.

nanotubes were prepared on the alumina plates by
depositing the single-phase SiC nanotubes dispersed in
ethanol. These thin films of single-phase SiC nanotubes
were irradiated with 3-MeV Ni*' ions at 100 °C. The ion
fluence was 1.8 10" - 7.4 x 10" ions/m*.

Polycrystalline SiC nanotubes were transformed to
amorphous SiC nanotubes by irradiation with 7.4 X
10" ions/m? at 100 °C.  On the other hand, microstructures
of polycrsytallne SiC nanotubes changed hardly by
irradiation with less than 2.0 x 10" ions/m” at 100 °C.

Figures 1 and 2 showed a low magnification TEM image
and the corresponding electron diffraction pattern, and a
high resolution TEM image of the SiC nanotubes irradiated
with 3.5x 10" ions/m? at 100 °C, respectively. According
to these TEM images, the nano-crystalline SiC nanotubes
successfully
polycrystalline SiC nanotubes with 3-MeV Ni?* ions.
The
crystal size of nano-crystalline SiC nanotubes was smaller

were synthesized by irradiation of

SiC nano-crystals exist in an amorphous SiC matrix.
than 10 nm.

These that SiC
nanotubes can be synthesized by ion-irradiation technique

results indicate nano-crystalline

with controlling the ion fluence.
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2 nm

Fig. 2 High resolution TEM image of SiC nanotubes

irradiated with 3.5 x 10" jons/m”.  Solid circles
indicate nano-crystals in an amorphous SiC matrix.
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Study for Damage of Charge Stripper Carbon Foil

by Ion Beam Irradiation
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© Environment and Industrial Materials Research Division, QuBS, JAEA,
9 High Energy Accelerator Research Organization, KEK

For multi-turn injection of high power proton
synchrotron, a charge stripper foil is one of key technology.
Typically carbon-based material is used to strip two
J-PARC also requires

carbon stripper foils to strip electrons from the H beam

electrons off the incident H beams.

supplied by the linac before injection into the Rapid Cycling
Synchrotron (RCS).
corresponding to conversion efficiency of 99.7% from the
primary H beams of 181 MeV energy to H'. For this
purpose, Sugai have successfully developed Hybrid type
thick Boron-doped Carbon (HBC) stripper foils and J-PARC
RCS applied HBC foil, which
improvement not only the lifetime, but also small thickness

Foil thickness is about 200 pg/cm?

showed a drastic

reduction, and shrinkage at the irradiated area by the ion
beam". This HBC was made by arc-discharge method, in
which the cathode used a boron-doped (25%) carbon rod
while the opposite electrode was a pure graphite rod.

We started to study carbon stripper foils microscopically
why carbon foils have considerable endurance for the beam
impact by boron-doped ?. At first step, we made a
comparison of ion irradiation effect before and after between
normal carbon (NC) and HBC by TEM observation.
Although typical foil thickness is 200 pg/cm® for the
practical usage, we used each of NC and HBC foils of
15 pg/em? thickness because of ease for TEM analyses.
Ar' of 300 keV, which we use as irradiated ion from ion
implanter in TIARA, can deliver the energy deposition by
thickness foil without ion

the ion beam into this

implantation. The ion beam current was 0.3 pA with 5 mm
diameter of the beam size. Figure 1 shows variance of the

surface appearances for each of foils irradiated by Ar'.

Fig. 1
(normal carbon) and (B) HBC irradiated with 300

Time transition of sample surface for (A) NC

keV Ar'" ions. Aperture of the sample holder is
diameter of 8 mm.

It seems that surface of HBC flattened out much slower than
NC by the irradiation and that contraction of the volume for
foils was occurred by the ion bombardment macroscopically.
NC was broken within the short time about 15 minutes by
beam irradiation. On the other hand, HBC was not broken
more than two hours after smoothed out. In the other
verification, we guess that the foil surface temperature was
lower than 300 °C while irradiating of Ar" ion. Although
both NC and HBC involved a lot of nano-scale grains of
graphite before the
amorphous phase.

irradiation, they had generally
Furthermore we found that both were
become disorderly by the ion irradiation because of D-band's
growth in the Raman spectrum. But in local area of their
foils, crystal growth was occurred for some condition or
other. In particular, there were many boron-rich grains in
HBC before and after ion irradiation. It seems that grain
size of boron-rich area became much larger by irradiation.
For example, these boron-rich grains were covered with
graphite structure as shown by Fig. 2. This phenomenon of
the boron-rich grain growth was also detected by TEM
observation simultaneously while a sample is irradiated ion
beam.

Now we can’t understand explanation in detail for the
relation between the volume contraction and crystal growth
microscopically by the ion irradiation. But we could get
some qualitative behavior of foils for ion bombardment.

Further analysis is in progress.

References
1) L Sugai et al., Nucl. Instrum. Meth. A561 (2006) 16.
2) Y. Yamazaki et al., IPAC10. Proc. (2010) 3924.

Fig. 2 TEM photographs for one of the boron-rich grain
in HBC foil became much larger by Ar  ions

irradiation. Left is a boron-rich grain of 200 nm in
diameter. Center shows graphite structure of 10 nm
in width around the grain.  Right picture is
diffraction pattern of the grain.

- 125 -



JAEA-Review 2011-043

4-8

Fabrication of Y-Junction Waveguides

Using Proton Beam Writing

K. Miura®, T. Satoh ”, Y. Ishii , M. Koka >, M. Uehara ¥, H. Kir

9 K. Takano,

T. Ohkubo b), A. Yamazaki b), W. Kada b), A. Yokoyama b), T. Kamiya ) and O. Hanaizumi ®

% Graduate School of Engineering, Gunma University,
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Proton beam writing (PBW) has recently attracted much
attention as a next generation micro-fabrication technology.
It is a direct-writing technique and does not need any masks
PBW makes
three-dimensional processes easier and provides higher

to transfer micro-patterns to the surfaces.

processing throughput than other techniques such as electron
beam (EB) lithography . Furthermore, the importance of
planar polymer optical waveguides is recently increasing in
fields such as optical fiber telecommunication and optical
interconnection. Optical waveguides can be directly drawn
in poly(methyl methacrylate) (PMMA) using the PBW
technique because the refractive index of a PMMA can be
increased by proton irradiation®. T. C. Sum et al.
demonstrated PMMA bulk waveguides drawn by proton

beam irradiation”.

However, their working wavelength (1)
In this study, we

demonstrate Y-junction PMMA film waveguides fabricated

was 633 nm, in the visible range.

using the PBW technique and working at A=1.55 um for
long-haul optical fiber telecommunication systems.

An SiO, film was deposited as an under-cladding on an
Si substrate (20 mm X 20 mm) by using radio-frequency
sputtering. A PMMA (refractive index ~1.48) film was
spin-coated on the SiO, film at 1,350 rpm for 30 sec. The
We repeated
these processes twice, and the PMMA film became 10 um

sample was then baked at 120 °C for 2 min.

thick. A Y-junction waveguide was drawn on the PMMA
film by using the 3 MV single-ended accelerator in TIARA.
We set its width to 8 pm 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 proton
irradiation energy was 1.7 MeV, the proton beam current
was 10 pA, the dose was 100 nC/mm?, and the beam size
A 10-um thick PMMA film was

deposited again on the sample as an upper-cladding by

was about 1 pm®.

spin-coating under the same condition as the first PMMA
layer. We cleaved both sides of the sample to observe near
field patterns (NFPs) of the waveguides. We used a
wavelength-tunable laser (Santec Ltd., ECL-210) for our
NFP measurements. The laser wavelength was 1.55 pm,
and the light was introduced through a single-mode fiber
(SMF) to edges of the waveguides. We observed their
NFPs by using a vidicon camera (Hamamatsu Photonics
Ltd., C2741-03).

Figure 1 presents a microscopic image of the Y-junction
waveguide.
Y-junction using the PBW technique.

We succeeded in drawing an objective
Figure 2 shows an
NFP of the Y-junction waveguide at A=1.55 um. Two

spots with an optical power intensity ratio of 1:0.98 were
observed. We found that this Y-junction can divide the
light of A=1.55 pm almost in a 1:1 ratio.

Such single-mode Y-junctions are important components
for constructing Mach-Zehnder interferometer (MZI) type
thermo-optic switches for optical-fiber telecommunication”.
As the next step to realize this type of optical switch, we are
trying to fabricate MZI type waveguides by symmetrically
coupling two Y-junctions using the PBW technique.
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Fig. 1 Microscopic image of the Y-junction waveguide.

Fig. 2 NFP (upper side) and optical-power profile
(lower side) of the Y-junction waveguide.
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Recently, global environmental issues such as warming
and air pollution are more serious. Many of environmental
problems originate in the energy system using the fossil fuel.
The use of hydrogen energy technologies is one of the most
prominent solutions to reduce CO, emission presumably
causing greenhouse effect. Therefore, many research and
development of the hydrogen energy technologies becomes
important to realize clean energy. The application of
hydrogen storage alloys may contribute to energy saving and
the reduction of CO, emission as is proven by hybrid
vehicles which are driven with both an electric motor and a
combustion engine. Most of these hybrid vehicles use
Ni-MH (Nickel-Metal Hydride) rechargeable battery.
Then we are researching the Ni-MH battery that uses
hydrogen absorbing alloys that are candidate elements in the
hydrogen energy system. For the surface modification of
materials, charged particle irradiation is known to be a quite
useful method™. Then, charged particle irradiation onto
the surface of a metal effectively induces defects such as
vacancies, dislocations and micro-cracks in the surface
region of the materials. These facts give the possibility
that the hydrogen absorptivily in Mm-Ni based alloys is
improved by surface modification using electron irradiation.
We have investigated the effects of surrounding condition of
electron irradiation on the initial rate of hydriding of Mm-Ni
based alloys in electrochemical process.

In this study, as a cathode material of Ni-MH battery, a
Mm-Ni based hydrogen storage alloy,
MmNi; 48C00.73Mng 45Alg 34 (Mm=Lay 35Cey 65), was prepared
by arc melting. The alloy was then flashed 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 mixed
with Cu powder at a rate of alloy/Cu =1 : 3 in weight, and
the 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
modification was made by electron irradiation and alkaline
treatment.  Electron irradiation onto the surface for a
sample was made at an acceleration energy of 2 MeV to a
dose of 1x 10" ¢cm™ in the atmospheric air, in a vacuum
(~10" Pa) or in a He gas atmosphere, respectively, using a
2 MV Cockcroft-Walton electron accelerator. For the
electrochemical measurements of initial hydrogen
absorption reaction rate of the electron irradiated and
no-irradiated samples, the rates of hydriding of the samples
were measured in a 6 M-KOH using the open cell as a
constant voltage -0.93 V and at 298 K, from 0 to 120 min.

Figure 1 shows hydriding curves for samples irradiated
under different conditions. A sample irradiated in the air
exhibits 4~ 13 times higher hydriding rate than the other
samples irradiated in a He atmosphere or no irradiation.
According to surface analyses using ESCA, samples treated
under different conditions showed the presence of

complicated oxides of alloy components. Since Mm
consists mainly of La and Ce, the contribution of conductive
rate earth oxides like CeO, or LaO, to the fast kinetics*®
should be taken into account to explain the different kinetic
behaviors measured in this study.

ESCA analyses revealed that the sample irradiated in a
He atmosphere was found to have rather reactive surface
conditions with thinner surface oxide layers than the sample
irradiated in low vacuum. All samples were exposed to air
before electrochemical hydriding process. As well known,
even at room temperature, surface oxidation proceeds more
profound for a metal with a clean surface than for a metal
covered with thin oxide layers”. Therefore, the sample
with reactive surface was heavily oxidized during the air
exposure. And this resulted in a subsequent low H,O
dissociation and hydriding rates. The sample treated in low
vacuum that was covered by stable oxide layers after the
irradiation, and this seems to have inhibited the subsequent
H,0 dissociation and hydriding.
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Fig. 1 Hydriding curves for samples (a) with electron
irradiation in the atmospheric air, (b) with electron
irradiation in low vacuum, (c) with electron irradiation
in a He atmosphere, and (d) without irradiation.
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There have been various investigations of the hardening
alloys. Above all, a
well-known method for hardening is the aging treatment of

method of aluminum-based
supersaturated alloys. On the other hand, when
supersaturated alloys are irradiated with energetic particles,
point defects (interstitials and vacancies) are produced and
they enhance the diffusion of supersaturated atoms and their
segregation.
radiation enhanced segregation, is caused by the interaction
between point defects and supersaturated atoms. In this
study, we applied the irradiation enhanced segregation
caused by ion irradiation to control the hardness of a
supersaturated Al-Cu-Mg alloy, which is generally known as
an age-hardenable “duralumin” alloy.

Supersaturated Al-Cu-Mg alloy was selected for our
experiments. Specimens were solution-annealed at 813 K
in air and then quenched in water at 273 K. The specimens

This phenomenon, which is called the

were irradiated with 10 MeV iodine ions (I*") using a
tandem accelerator at the TIARA. All irradiations were
performed at room temperature. To compare the hardness
of the ion-irradiated region with that of the unirradiated
region in the same specimen, about a half area of each
specimen was irradiated and the other half remained
unirradiated. After irradiation, the Vickers hardness was
measured near the boundary of the irradiated and
unirradiated regions.

Figure 1 shows the relationship between the Vickers
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Fig. 1 Relationship between Vickers hardness and
measuring positions near the boundary of irradiated and
unirradiated regions in specimens irradiated at a fluence
of 5x 10"%/cm?.

hardness with an applied load of 25 gf and the indentation
position near the boundary of the irradiated and unirradiated
regions for the specimen irradiated at a fluence of 5 x
10"%/cm?.
represents the boundary of irradiated (left) and unirradiated
(right) regions.
increases by 40 only in the irradiated region.

The dashed line at the center of the figure
It is clear that the Vickers hardness

Figure 2 shows the change in Vickers hardness as a
function of processing time for the specimens irradiated with
iodine ions and for the specimens aged at 423 K and 453 K.
For the specimen aged at 423 K, the hardness reaches a
For the
specimens aged at 453 K, the time required to reach a

maximum value after 4 days and then decreases.

maximum hardness is shorter than that for the specimen
aged at 423 K. The maximum value of the hardness,
however, increase

decreases with an

temperature.

in the aging
Meanwhile for the specimens irradiated at
room temperature, the surface hardness increases far more
rapidly than that for the thermally aged specimens and only
3.5 hours are required to reach a Vickers hardness of 160,
which is about the same as the maximum hardness value
obtained when aged at 423 K. Further analysis is now in
progress.
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Fig. 2 Comparison of the change in Vickers hardness
between irradiated specimens and specimens
thermally aged at 423 K and 453 K as a function of
processing time.
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Ion Doping Technique Related to Nano-Machining on

Unworkable Oxidation Ceramics
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Bombardment effects of 0.3 and 3 MeV H' ions on a
sapphire surface have been investigated in order to
nano-machining on unworkable ceramics in combination
with Laser irradiation technique.

In this report, deformation change affected by H' ion
doping was evaluated by investigating H" ion fluence and
energy dependence of deformation on sapphire wafer.

Eight pieces of large sapphire wafer ( ¢ 50 X 0.45 mm t),
were irradiated with 0.3 MeV and 3 MeV H' ions from ion
implanter and single-ended accelerator of TIARA up to the
fluence of 0.25 ~ 0.5x 10'® H'/cm®.  Center surface area of
sapphire wafer (20 x 20 mm) were exposed by H'
bombardment and deformation of sapphire wafers were
measured by Laser displacement meter. Figure 1 shows
typical deformation profile on opposite sides of the wafer
and it can be recognized that front face coming H' ion was
swelled out and its behind was sagged in the middle.

Figure 2 shows swell-out deformation of irradiated
wafers as a function of irradiation energy and fluence. It is
found that swell-out deformation was increased as fluence,
and accelerated by higher energy irradiation. These wafers
were provided to jointing test between un- and irradiation
sapphire wafers, assuming sapphire/GaN LED component

[Foz74nl

fabrication process and very well joint was achieved
recently. These jointed wafers will be provided to smart
cut process by Laser irradiation.
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Fig. 2 Fluence and energy dependency of deformation
of irradiated sapphire wafers.
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of Deposited-Ti Thin Films due to Ion Implantation
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It has
non-stoichiometric titanium nitrides (TiN,) such as electrical

recently been reported that properties of
conduction, diffusion barrier, catalysis, etc. depend not only

on chemical composition, but also on orientation

relationships between TiN, films and substrates. ~Therefore,
much interest has been focused on studying atomistic
growth processes of TiN, films D, In this paper, both
hep-Ti and CaF,-type TiH, (x= 1.5), and only hcp-Ti, with
preferred orientations have been grown in Ti flims deposited
on NaCl (001) substrates held at room temperature (RT) and
250 °C, respectively. In order to clarify atomistic growth
processes of TiNy films due to the implantation of nitrogen
ions (N,") with 62 keV into Ti films, changes of the
concentration of N atoms in Ti films by nitriding have been
investigated by in-situ transmission electron microscope
(TEM) equipped with electron energy loss spectroscopy
The

N-implantation was performed in the analytical TEM

(EELS), with the aid of molecular orbital calculations.

combined with ion accelerators at JAEA-Takasaki?.

Figure 1 shows the variation of the area ratio, N/Ti, of
energy loss peaks by N 1s (K) and Ti 2p (L,3) electrons in
EELS spectra with respect to the atomic concentration ratio
of N/Ti estimated by the dose of N.  When the ratio of N/Ti
estimated by dose of N is 1.0, the corresponding dose of N is
5.66x 10" atoms/cm®. The solid circle represents the N/Ti
ratio of each peak area in EELS spectra for the
N-implantation at RT into the Ti films deposited at 250 °C.
The open circle represents that for the N-implantation at
350 °C into the Ti films deposited at 250 °C. The solid
triangle represents that for the N-implantation at RT into the
Ti films deposited at RT. The open triangle represents that
for the N-implantation at 350 °C into the Ti films deposited
at RT. It can be seen that the N/Ti ratios of each peak area
in EELS increase with the ratios of N/Ti estimated by the
When
they are larger than 0.7~0.8, the N/Ti ratios of each peak

dose of N until the latter ratios reach near 0.7~0.8.

area in EELS change to nearly constant values near the
ratios indicated by dotted and broken saturation lines.
These saturation lines only depend on the implantation
temperatures, although the temperatures of Ti-deposition
and of N-implantation are different from each other. Here,
we define the region, where ratios of N/Ti estimated by the
dose of N are larger than 0.7~0.8, as the saturation stage
during N-implantation, in which some of the implanted N
atoms escape from the N-implanted Ti film due to the
radiation effect. The variation of the area ratios of N/Ti
during N-implantation in Fig. 1 corresponds qualitatively to

the result evaluated from RBS: there is no escape of N

before the saturation stage during N-implantation. As a
result, it can be considered that with the knowledge of N/Ti
ratios of each peak area in EELS, the constitution of Ti films
during N implantation before the saturation can be in-situ
obtained.

Furthermore, in the saturation stage, the ratios of N/Ti in
Fig. 1 are separated into two tendencies characterized by
dotted and broken saturation lines depending on different
implantation temperatures. The value of broken saturation
line of N-implantation at 350 °C is smaller than that at RT
indicated by the dotted line.
N atoms bonding to Ti atoms decreases with increasing the
N-implantation temperature in the saturation stage from RT
to 350 °C. Thus, it would be considered that the frequency
for the excitation of electrons from bonding states consisting
of Ti 3d-4p and N 2p to the anti-bonding states is higher at
350 °C than that at RT during N-implantation in the
saturation stage.

This means that the number of

Besides, the increase in the number of

phonons by increasing the temperature would also
contributes to make the excitation of electrons from the
bonding states to the anti-bonding states easier. As a result,
the excited lighter atoms, N atoms, become unstable and
escape from the Ti film. Thus, there are lesser N atoms

reserved in the film at the higher implantation temperature.
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The Effects of Displacement Damage and Transmutation

Atoms on Dimensional Stability of SiC with Impurities

T. Nozawa®, T. Taguchi ” and H. Tanigawa®
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“ Division of Fusion Energy Technology, FRDD, JAEA,
® Neutron Material Research Center, QuBS, JAEA

A SiC/SiC composite is a candidate for fusion reactor

materials because of the inherently good irradiation

resistance of SiC'?. Of many composites, a dense and
robust nano-infiltration transient-eutectic-phase sintered
(NITE) SiC/SiC composite is believed to be viable because
of potentially high competitiveness. However, irradiation
tolerance of NITE is still uncertain due to the presence of
inside impurities as sintering aids". By contrast, for the
fusion application, understanding the synergistic effects of
He and H as representative transmutation products of a
fusion reactor on microstructural evolution of SiC under
irradiation is important. For instance, by applying the
triple ion beam irradiation at the TIARA facility, the
significance of H on the He bubble formation was identified
for pure SiC®. However, this effect on SiC with impurities
is presently uncertain.
identify the effects

transmutation atoms (He and H) on microstructure of SiC

This study primarily aims to
of displacement damage and
with sintering aids. In 2009, we implied no significant
impact of the H implantation ratio (H/dpa) on the
dimensional change for limited irradiation conditions. In
2010, this issue was further investigated.

A NITE-SiC ceramic as representative matrix phase of
NITE-SiC/SiC composites was tested, coupled with CVD-
SiC as reference pure SiC. The sintering aids of NITE-SiC
were ALL,O; and Y,03. Triple ion beam (Sizt He" and HY)
irradiation was carried out up to 10 dpa at 1,000 °C. In
2010, a constant He/dpa ratio of 130 appm/dpa and a H/dpa
ratio of 400 appm/dpa were applied. The calculated depth
profiles of displacement damage and He, H and Si
concentration were shown in the annual report in 2009 9,
The radiation-induced dimensional change (swelling) was
then evaluated by the step-height (Ah) measurement by the
atomic force microscopy .

Figure 1 shows swelling as a function of the H/dpa ratio.
For the higher H/dpa ratio, the swelling seems to be
suppressed by triple ion beam irradiation. However, this is
somehow questionable because the higher H/dpa irradiation
enhanced He bubble formation according to the previous
results for pure CVD-SiC?Y. By contrast, it is reasonable
that, for ~10 dpa, the amount of implanted H was very little
to form He bubbles, which have a impact on the
radiation-induced dimensional change. Further evaluation
is still required to conclude this.

Figure 2 shows dimensional change of NITE-SiC as a
function of displacement damage under the triple ion beam
irradiation. As noted previousely, under the low H/dpa
ratio, formation of He bubbles is hardly enhanced by
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Fig. 1 The effect of H/dpa on swelling of NITE-SiC by
triple ion beam irradiation at 1,000 °C.
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Fig. 2 The effect of displacement damage on swelling
of NITE-SiC. Note that the same H implantation
ratio of 40 appmH/dpa was applied.

irradiation and, therefore, the major parts of increment of the
dimensional change is due to the accumulation of Si** ions,
which is proportional to the fluence.
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Detection of Implanted '>C in Ag/Ni/a-A1,05(0001)

Employing Non-Rutherford Elastic Scattering Process
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K. Narumi ®

) and H. Naramoto ¥

% Advanced Science Research Center, JAEA,
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The combination of nano/molecular carbons and
magnetic metals is expected to play an important role as the
fundamental structure for the efficient transport of
spin-polarized electrons V.  The nano/molecular carbons
can be formed at the atomic layer level by using
sophisticated ways®. As a possible approach for in-sifu
materials processing, the ion beam technique is effective
both for carbon incorporation and its sensitive analysis.
For the background-free carbon detection, '“C(d, p)"*C
nuclear reactions have been used but those cannot avoid to
introduce the undesirable radioactive nuclei. In the present
study, two kinds of non-Rutherford elastic scattering
processes were examined as alternatives with the reasonable
sensitivity for the carbon detection.

Twenty keV '2C" ion implantation was made up to 1.64 x
10" /em® at ambient temperature to incorporate nano/
molecular carbons into Ni layer through the Ag top layer in
a bi-layer sample of Ag(10 nm)/Ni(30 nm)/a-Al,03(0001).
The element combinations of Ag/Ni and also Ag/C are
immiscible, which insures the non-intermixing at the Ag/Ni
interface and the biased diffusion of implanted carbons from
Ag layer into Ni layer during the implantation and the
subsequent annealing at 550 °C for 15hours under UHV
condition. Two MeV “He" Rutherford backscattering
(RBS) analysis was made on the layer structure before
implantation  and  after = implantation/  annealing.
2C(p, po)®C and "C(a, 00)'*C non-Rutherford elastic
scattering processes® were examined for the above bi-layer
sample using 3 MV single-ended accelerator and 3 MV
tandem accelerator, respectively. A whole study of
implantation and ion beam analysis was conducted in
TIARA facility of JAEA/Takasaki.

Figure 1 illustrates the local spectra for metallic bilayer
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Fig. 1 2 MeV *He Rutherford backscattering spectra from

Ag(10 nm)/Ni(30 nm)/a-Al,05(0001) implanted with

20 keV 2C(1.62 x 107 /em?), followed by annealing.

of Ag(10 nm)/Ni(30 nm) on a-Al,0;(0001) taken from
2 MeV *He" RBS spectra. It can be summarized from this
figure that the carbon implantation induces the unusual
removal of Ag protective layer reflecting the immiscible
nature between Ag and C, which favors the possible
accumulation of implanted carbon atoms into the surface
region of Ni layer.

Figure 2 shows the elastically scattered yield of protons
from the same implanted/annealed sample as in Fig. 1, as a
function of incident proton energies. The energy region
and detection angle were chosen to be around 1.74 MeV and
150° and/or 170°, respectively, through the experimental
evaluation of the excitation function for '>C(p, po)"’C
scattering in B-SiC. Considering the details of excitation
function obtained, the yield changes in Fig. 2 reflects the
depth-distribution feature of implanted/annealing carbon
atoms located in the near surface region of Ni layer.

Further calibration studies are required to evaluate the
precise distribution of incorporated carbon atoms, however,
it can be concluded that the present method can be
alternative for the sensitive detection of carbon atoms down
to around 1 x 10'® C/ecm? which can be complemented
further by employing a simulation technique down to the
carbon amounts of a single layer graphene. The results
employing "“C(a, 0p)'?C non-Rutherford elastic scattering
was also effective but less sensitive(not shown).
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Fig. 2 Backscattered proton yield as a function of incident
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Ions Having the Same Nuclear Stopping and Different
Electronic Stopping Powers
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When MeV ions are irradiated to solid target, energy is
transferred from ions to a target via two independent
processes; the electronic energy deposition and the energy
deposition due to elastic collisions. Since both processes
may contribute to defect creation at the same time, it is
difficult to extract each effect independently. In order to
characterize a possible modification due to high-density
electronic excitation, thin films of CeO, have been
irradiated with 10 MeV Ni and 120 MeV Xe ions, both
having the same nuclear stopping powers (0.18 keV/nm),
while having different electronic stopping powers
(6.1 keV/nm and 23.5 keV/nm, respectively).

Thin films of CeO, were prepared on single crystal
sapphire substrates by a sputtering method. The films were
irradiated at room temperature with 10 MeV Ni ions from the
tandem accelerator at JAEA-Takasaki and with 120 MeV Xe
ions from the tandem accelerator at JAEA-Tokai. Wide-
angle X-ray diffraction (XRD) profiles were measured
before and after the irradiations. The film thickness was
fixed to be about 0.3 pm which is thin enough to rule out
the possibility of unwanted implantation effects.

Since the CeO, thin films are highly oriented, only (002)
and (004) peaks are the observable peaks in the reflection
angle range of 20 = 5°-100°. As shown in Fig. 1, a
monotonic decrease in the peak intensity of the (002)
diffraction peak as a function of the fluence is observed for
CeQ, irradiated with 10 MeV Ni ions and with 120 MeV Xe
ions. The same tendency of the peak intensity evolution is
observed for (004) peak. The intensity decrease can be
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Fig. 1 Intensity of X-ray diffraction peak normalized by
that of unirradiated CeO, thin films plotted against
fluence of 10 MeV Ni and 120 MeV Xe ions. Solid
curves are just a guide for the eyes.

attributed to a defect creation by ion-irradiation. In the
figure, the fluence axis of 10 MeV Ni ion is intentionally
shifted one order of magnitude relative to that of 120 MeV
Xe ion in order to facilitate the comparison.

The fluence dependence of the lattice parameter
estimated from the shift of the peak angle is shown in Fig. 2.
The fluence dependence of lattice parameter does not
exhibit a monotonic behavior. It should be noted here that
such a complex fluence dependence is not accountable
before taking into account the break of peak symmetry
appeared after the irradiations. The detailed analysis is not
the focus of this paper, and it will be discussed elsewhere.
Since the change in peak profiles is due to defect creation,
the present results can be interpreted that defects created by
120 MeV Xe ion amount to nearly one order of magnitude
larger than those created by 10 MeV Ni ion.

The one order of magnitude difference in the defect
density per incident ion is clearly attributable to the
difference in the electronic stopping power. Therefore, the
present comparative study demonstrates that the difference
in the damage creation behavior is due to the difference in
the electronic energy deposition, leading to a much higher
contribution to damage creation for 120 MeV Xe ion
irradiation.

Part of the present study is the result of “Research of
highly accurate evaluation of radiation damage in advanced
nuclear reactor fuel ceramics” entrusted to “Japan Atomic
Energy Agency” by the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT).
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Fig. 2 Fluence dependence of lattice parameter change for
10 MeV Ni ion irradiation and 120 MeV Xe ion
irradiation. The change in lattice parameter, Aa, is
normalized to the lattice parameter before irradiation,
a,. The solid curve is just a guide for the eyes.
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Irradiation-induced-defect Recovery and

Magnetic Property of the Gd+ Ion Implanted GaN

A. Yabuuchi®, M. Mackawa®, A. Kawasuso®, S. Hasegawa ", Y.K. Zhou” and H. Asahi®
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® The Institute of Scientific and Industrial Research, Osaka University

Ion implantation is a powerful technique for doping
impurities into crystals with non-equilibrium concentration.
This technique may be used in fabrication of diluted
(DMS) that high
concentration magnetic atom doping without a secondary
Recently, it has been reported that
Gd-doped GaN films containing defects tend to show a large

magnetization 2.

magnetic  semiconductors require

phase formation.

Moreover, theoretical calculation also
suggests that a presence of vacancies affects magnetic
In this study, Gd* ions were
MOCVD-GaN film by using
implantation techniques.

properties in DMS ).
implanted  into ion
Furthermore, we have attempted
to clarify the correlation between the magnetic properties
and presence of vacancy-type defects.

An MOCVD-grown undoped GaN(0001)/Sapphire single
crystal film with a thickness of 2 um was implanted with
380 keV Gd" ions to a dose of 3x 10" jons/cm®. ~ After ion
implantation, the film was annealed at 500 °C, 1,000 °C and
1,300 °C for 30 seconds in vacuum. The Doppler
broadening of annihilation radiation (DBAR) spectra were
acquired after each annealing. In addition, magnetizations

of the GaN film were measured by using an alternating

gradient magnetometer (AGM) technique. All  the
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Fig. 1 S parameter for the GaN film before implantation

(filled circles), after implantation (open circles), and
after annealing at 500 °C (open squares), 1,000 °C
(open diamonds), 1,300 °C (open stars) as a function
of incident positron energy.

measurements were carried out at room temperature.
SRIM-2008 calculation shows the Gd atoms are
implanted into GaN to the maximum depth of 150 nm (the
projected range R, 66 nm), and an average Gd
concentration is estimated to be 3 x 10% atoms/cm’.
Figure 1 shows the peak intensity of DBAR spectra
(S parameters) for the GaN film before implantation, after
implantation, and after annealing at 500 °C, 1,000 °C and
1,300 °C as a function of incident positron energy. The
irradiation-induced defects decrease greatly after 1,000 °C
annealing. However, the irradiation-induced defects do not
recover to the unimplanted level after 1,300 °C annealing.
This result suggests vacancies are stabilized due to
clustering. of AGM
measurement for the GaN film before implantation, after

Figure 2 shows the results
implantation, and after annealing at 1,300 °C. Magnetic
In further study,
high-temperature ion implantation experiments are needed

to control defect size.

hystereses are not observed at all.
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Gamma-ray Induced Defect Formation

in High-Purity a-Quartz

K. Kajihara
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Tokyo Metropolitan University

Gamma-ray induced intrinsic defect formation was examined using high-purity synthetic a-quartz (crystalline SiO,) of

low metallic impurity concentrations.

Radiation-induced optical absorption at visible-ultraviolet spectral region which is

due to metallic impurities and commonly observed in conventional synthetic a-quartz is greatly suppressed. The main
radiation-induced defects are Si-Si bonds exhibiting optical absorption at 7.6 eV, suggesting that the main defect formation
mechanism is the Frenkel mechanism, depicted by displacement of bridging oxygen atoms in regular Si-O-Si bonds by dense

electronic excitation.

However, formation of interstitial oxygen molecules, which are one of the main form of the anion part

of the Frenkel pair in amorphous form of SiO, (amorphous silica), is not confirmed.
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Fig. 1 Optical absorption spectra of high-purity a-quartz

(A) irradiated at various y-ray doses. The inset shows
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Adsorption Site of Alkali Metals on Si(111)-V3x\3-Ag

Surface Studied by Reflection High-Energy Positron
Diffraction
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The Si(111)-¥3x\3 surface is known as a prototype of
two-dimensional metal system". The adsorption of noble
(Cu, Ag, and Au) and alkali (K and Cs) metals on the
Si(111)-V3 ><\/3-Ag surface leads to the formation of
\21x21 superstructures, accompanied by a drastic increase
in the surface electrical conductivity". From metallurgical
point of view, the V21xV21 superstructures have attracted
attention as two-dimensional electron compound alloys>.
The noble metal adsorbed Si(111)-V21x121 superstructures
have been extensively studied”. However, the atomic
configurations of alkali metal adsorbed 21x21
superstructures still remain unresolved. In this study, we
investigated the atomic structure of the
Si(11 1)—\/21><\/21-(Ag,Cs) surface by using a reflection
high-energy positron diffraction (RHEPD).

The substrates (10 x 5 x 0.5 mm®) were cut from a
mirror-polished n-type Si(111) wafer with a resistivity of
1-10 Qcm. The Si(111) surfaces were heated at 670 K in
several hours and flashed at 1,470 K to prepare a
well-ordered 7 X 7 structure. By depositing one monolayer
(ML, 1 ML = 7.83x10" cm?) Ag atoms on the Si(111)-
7 x7 surface at 740 K, the Si(lll)-\/3><\/3-Ag surface was
formed. To produce the Si(11 1)-V21 ><\/21-(Ag,Cs) surface,
0.14 ML Cs atoms were deposited on the Si(111)-V3xV3-Ag
surface at 170 K.

All experiments were carried out in an ultra-high vacuum
chamber (base pressure less than 3 x 10 Pa) equipped with
a positron source (**Na) and magnetic lens system. The
RHEPD patterns were observed using a microchannel plate
with a phosphor screen and a charge-coupled device camera.
The RHEPD rocking curves were measured by rotating the
sample holder from 0.3° to 6° at a step of 0.1°.

Figure 1 shows the RHEPD rocking curves of (0 0), (1/3
1/3), and (2/3 2/3) spots from the Si(111)-V21xV21-(Ag,Cs)
surface along the [115] direction at 170 K. In order to
determine the adsorption sites of Cs atoms on the
Si(111)-V3 ><\/3—Ag surface, we calculated the RHEPD
rocking curves based on the dynamical diffraction theory.
In the calculations, the height of the Cs atoms from the Ag
layer was assumed to be 3.04 A from the previous rocking
curve analyses under the one-beam condition. Two
different structure models were taken into account, i.e.,
ontop model where the Cs atoms are located just above the
Ag atoms and center model where the Cs atoms are situated
at the center of the underlying large Ag triangle. As shown
in Fig. 1, the calculated rocking curves using the ontop
model is in good agreement with the measured ones.
The measured curves cannot be explained by considering the

center model. We found that the atomic configuration of
Cs atoms is consistent with the scanning tunneling
microscopy observations®.

The interaction energy between the adsorbates is given

by,

AEjn(d) = _‘SF[

23in(§F)J2 sinkpd +26p) (1
(kpd)®
where d is the distance between the adsorbates, Jr the phase
shift, er the Fermi energy, and kr the Fermi wave vector.
From Eq. (1), the interaction energy reaches the minimum at
around 9 A, which is close to the value (10.16 A)
determined in this study. Consequently, the Cs atoms are
located just above the Ag atoms for the
Si(lll)—\/21><\/21—(Ag,Cs) superstructure. In the case of
the Si(lll)—\/21><\/21—(Ag,Au) surface, the Au atoms are
situated at the center of the underlying Ag triangle. The
interaction energy between the adsorbates plays an
important role in the formation of V21x\21 superstructures.

T
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0 1 2 3 4 5 i 6
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Fig. 1 RHEPD rocking curves from the
Si(lll)-\/ZIX\/Zl-(Ag,Cs) superstructure. The open
circles denote the experimental curves. The solid and
dotted lines indicate the calculated curves using the
ontop and center models, respectively.
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Structural Phase Transition of Pt/Ge(001) Surface

Studied by Reflection High-energy Positron Diffraction

I. Mochizuki, Y. Fukaya and A. Kawasuso
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Defect-free  one-dimensional (1D) nanowires with
single-atom width are fabricated on the Ge(001) surface by
the adsorption of Pt atoms. Recently, it has been reported
that the Pt/Ge(001) surface undergoes the Peierls-type
structural phase transition (SPT) around 80 K b
Vanpoucke et al. have theoretically proposed several
nanowire (NW) models with the different Pt coverage for
the Pt/Ge(001) surface? (Fig. 1). They have also argued
that the SPT does not derive from the Peierls transition, but
from the change of the Pt coverage. Thus, the atomic
arrangement and the displacement of the Pt/Ge(001) surface
due to the SPT are still unknown. In this study, we
investigated the structure of the Pt/Ge(001) surface above
and below the SPT temperature by using reflection
high-energy positron diffraction (RHEPD).

Side view

[o01]
‘ [1T0]

Fig. 1 Ball-and-stick representations of NW model.
Black and gray balls show Pt and Ge atoms,
respectively. The dotted square indicates the 4 X 2
unit cell.  This model contains 0.75 ML of Pt atoms.
The other NW models containing 0.8125 and
0.875 ML of Pt atoms are constructed by adding the Pt
atoms at the site 1 and the sites 1 and 2, respectively.

Top view
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Fig. 2 RHEPD rocking curves along [1I0] direction
measured from Pt/Ge(001) surface. Open circles
show the experimental data at 45 K. The calculated
curves using the Pt coverage of 0.75, 0.8125 and
0.875 ML are denoted by the solid, broken and dashed
lines, respectively.

Experiments were performed in an ultra-high vacuum
chamber equipped with a ?Na positron source,
electromagnetic lenses and an electron beam evaporator.
The positron beam energy was set at 10 keV. The incident
azimuth was set at the [1I0] direction or 22.5° away from
the [1I0] direction (one-beam condition). To produce a
Ge(001)-(4 x 2)-Pt structure, 1.2 monolayers (ML) of Pt
atoms were deposited on the clean Ge(001) surface kept at
570 K, where 1 ML corresponds to 6.3 % 10" atoms/cm”.

Figure 2 shows the RHEPD rocking curves from the
Pt/Ge(001) surface along the [1I0] direction at 45 K.
In order to determine the atomic arrangement, we calculated
the rocking curves based on the dynamical diffraction theory.
As shown by the solid curve, the measured curve is in good
agreement with the calculated curve assuming the NW
model with the Pt coverage of 0.75 ML. On the contrary,
the curve does not agree with the calculated curves using the
Pt coverage of 0.8125 or 0.875 ML. Thus, we found that
the Pt coverage for the Ge(001)-(4 X 2)-Pt structure is
0.75 ML. In addition, as shown in Fig. 3, we observed the
shift of the peak position at the total reflection region in the
rocking curves from the one-beam condition. The result
indicates that the SPT is caused by the height difference
between the topmost Ge dimer atoms instead of the change in
the Pt coverage. Consequently, we found that the SPT for
the Pt/Ge(001) surface is consistent with the Peierls transition.
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Fig. 3 RHEPD rocking curves under one-beam condition
measured from Pt/Ge(001) surface. Open and gray
circles show the experimental data obtained at 45 K
and RT, respectively. Solid curves show the spline
interpolation of the experimental data.
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Recovery Behavior of Vacancies in Type 304 Stainless

Steels Studied by Positron Annihilation Spectroscopy

A. Yabuuchi, M. Maekawa and A. Kawasuso

Advanced Science Research Center, JAEA

The stress corrosion cracking (SCC) mechanism of
stainless steels is an important research topic concerning the
long-term use for light water nuclear reactors. Recently, a
hypothesis of the SCC crack propagation mediated by
atomic vacancies under the crack tip stress gradient is
proposed ™. In addition, our positron microbeam study
has clarified that vacancies were probably generated near the
SCC crack tip?. The effect of a sensitization caused by
welding heat input and the effect of a local plastic strain
caused by stress concentration are probable trigger for
defects formation around the SCC. However, defect
species formed after heating to 450-850 °C by welding or
the plastic deformation at crack tips are not clear, moreover,
the thermal stabilities of the defects are also unclear. In
this study, the sensitization heat treated and the tensile
plastic deformed Type 304 stainless steels, which are the
factors of SCC, were investigated by means of positron
annihilation spectroscopy.

Figure 1 shows the experimental Doppler broadening of
the annihilation radiation (DBAR) spectra obtained after the
sensitization heat treatment at 650 °C for 24 hours in
vacuum and the plastic deformation at € = 14%. To see the
detailed spectrum shape, the original spectra are divided
point-by-point by the spectrum for the reference sample.
To compare these spectra with the spectrum obtained from
well-defined defective sample, 2 MeV electron irradiation
with a total dose of 3x 10" e/cm® was carried out. The
irradiated sample was confirmed by positron annihilation
lifetime measurement that includes monovacancies. The

Electron momentum (10° m c)

0 10 20
1.2
1.0
m
ZE 0.8
w
Z 06
04+f
511 513 515 517
Gamma-ray energy (keV)
Fig. 1 DBAR spectra obtained after the electron

irradiation (filled circles), the sensitization heat
treatment (open circles) and the plastic deformation
(open squares). The spectrum amplitude of the plastic
deformation is multiplied by a factor of 2.5 to compare
the spectrum shape. All these spectra are divided by
the spectrum for the reference sample. Solid line is
the theoretical DBAR spectrum for a monovacancy in a
Type 304 stainless steel.

calculated DBAR spectrum for monovacancy is also shown
in Fig. 1. As seen in Fig. 1, the DBAR spectra after the
sensitization heat treatment and the plastic deformation are
in good agreement with that after the electron irradiation.
This suggests that monovacancies are responsible for
positron trapping in these samples, too.

To reveal thermal stabilities of vacancy defects, the
annealing processes were investigated. Figure 2 shows the
S parameters after the sensitization heat treatment, the
tensile deformation and the electron irradiation as a function
of annealing temperature. It is found that these S
parameters (S parameter indicates annihilation gamma-rays
peak intensity, and increases when vacancies are contained)
commonly decrease to defect-free level in the temperature
range of 200-400 °C, again increase above 600 °C. The first
recovery at 200-400 °C is explained as the disappearance of
The of S parameters at
600-900 °C may be attributed to re-introduction of vacancy
defects due to sensitization. The first recovery of S
parameters (200 - 400 °C) corresponds to the light water
reactor operation temperature. That is, monovacancies in
stainless steels are mobile at reactor operation temperature.
This indicates a possibility that monovacancies accumulate
at crack tip grain boundaries and result in the development
of tight cracks.

monovacancies. increase
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Positron Annihilation Lifetime of Irradiated Polyimide
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Polyimide like Kapton (DuPont) has no positronium (Ps)
formation. It is probably caused by strong electron and
positron scavenging according to the spur reaction model .
On the other hand, positron annihilation lifetime
measurement is often used for polymer researches because it
can provide information of microscopic free volume.
However, it has been studied by the triplet Ps (ortho-Ps)
lifetime. No Ps formation in the polyimide polymers
means no possibility of studying by use of the positron
annihilation lifetime.

No Ps formation means that there will be just one
lifetime components that is the free positron annihilation
lifetime, about 400 ps, because the other components are
singlet Ps (para-Ps) intrinsic annihilation lifetime, about
125 ps, and ortho-Ps pick off annihilation lifetime, about
1-5 ns. The ortho-Ps intrinsic annihilation lifetime is very
long, 142 ns, in vacuum and then annihilation by picking off
an electron from surrounding molecules is much faster in
insulating materials. Hence there is just one lifetime
component in Kapton that is often used for the shielding
materials for Na-22 source for positron experiments.

Indeed, positrons giving the free positron annihilation
lifetime component are not free. These positrons localize
somewhere in the materials as the excess electrons do?.
The suitable localization site for polymers at room
temperatures is on the molecular chains. Therefore a main
annihilation probability, Am, is caused by the annihilation of
the localized positron and the electrons on the molecular
chain that the positron localizes on. There is also a miner

0.40

039 r {

lifetime 7 ns

038 I 1 1
0 100 200 300 400
temperature 7 °C
Fig. 1 Temperature dependence of positron

annihilation lifetime in Kapton.

annihilation probability, An, that is caused by the localized
positron and the electrons on the neighboring molecular
chains. The total annihilation probability, Atotal, is Am +
An.  Although the main annihilation probability, Am, is not
affected by the change of measurement conditions, the
miner annihilation probability, An, is affected by the changes
such as the distance between the molecular chain where the
positron localizes and the neighboring molecular chains.
This distance is larger when the free volume is larger for
polymers, i.e. the miner annihilation probability, An, is
affected by the free volume of polymers.

We measured the temperature dependence of the free
positron annihilation lifetime for Kapton, showing longer
annihilation lifetimes at higher temperatures as shown in
Fig. 1.
lifetime is affected by the free volume of polymers as
expected above.
positron annihilation lifetime change caused by the electron
beam irradiation as indicated in Fig. 2. This change
indicates the free volume change caused by the cross linking.
It is possible to conclude that the free positron annihilation
lifetime can be a strong tool to study polymers with no Ps
formation.

It is indicating that the free positron annihilation

We also successfully obtained the free
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ESR Study of Ion-beam-induced Silyl Radical

Generation in Single Crystals

K. Yoshimura, M. Sugimoto, A. Idesaki and M. Yoshikawa

Environment and Industrial Materials Research Division, QuBS, JAEA

Crystalline-state reaction has been attracting great
interest because of its regioselectivity and characteristic
products. Photo- and thermally-induced crystalline-state
reactions have been studied and unique reactions such as
dimerization and racemization were discovered?. In this
study, we examined ion-beam-induced crystalline-state
reaction by using tris(triisopropylsilyl)silane (1), which is
the precursor of room temperature stable silyl radical 2%, to
determine the regioselectivity of ion beam irradiation
(Scheme 1).

Scheme 1
Si(i-Pr)s
g_ ion beam &
(FPr)sSI—SI~gj(i.pr) AN
(i-Pr)sSi : (i-Pr);Si Si(i-Pr);
1 2

Granular, colorless single crystals of 1 (ca. 0.4 mm x
0.4 mm x 0.4 mm) were pasted on a Si substrate (10 mm x
10 mm) using double-sided adhesive tapes. The pasted
crystals were irradiated with 490 MeV '*?0s*"* ion beam
produced from the TIARA AVF cyclotron and the exposure
fluence was 5 x 10" ions em?  After irradiation, the
crystals were removed from Si substrate in air. The
obtained pale yellow crystals were then transferred into an
Ar-filled electron spin resonance (ESR) tube and ESR
spectrum was measured.

The ESR spectrum of irradiated crystals was shown in
Fig. 1. A single, broaden signal was observed. This
indicated that radicals are successfully generated by ion
beam irradiation in the single crystals. The irradiated
crystals were kept their shape and seemed to have been
retaining its crystallinity. Interestingly, irradiated crystals
were able to handle in air atmosphere, while other silyl
radical crystals were air-sensitive ®.

The identification of generated radicals was performed
by ESR measurement of the cyclohexane solution of

«—>
ImT
Fig. 1 ESR spectrum of single crystals after ion beam
irradiation.

irradiated crystals. Dry, oxygen free cyclohexane was
transferred in vacuum into the ESR tube containing
irradiated crystals and then ESR tube was refilled with Ar.
All of the crystals were dissolved and pale yellow solution
was obtained. The ESR spectrum of resultant solution
measured at room temperature was shown in Fig. 2. A
strong signal was observed and important information was
obtained from the splitting pattern. There are three pairs of
satellite signals due to coupling of the unpaired electron
with the »’Si and “C nuclei (/ = 1/2). The two satellite
signals with a largest value of the hyperfine coupling
constant (hfcc) a(*’Si) = 5.53 mT can be ascribed to the
coupling with the central o-Si nucleus, whereas two
satellites with a middle hfec value a(**Si) = 0.79 mT can be
assigned to the coupling with three neighboring /-Si atoms,
and remained two satellites with a smallest hfcc value
a(®C) = 0.24 mT can be attributed to p-positions. This
result clearly indicated that the silyl centered radical 2 was
generated regioselectively by ion beam irradiation to the
single crystal of 1.

Ion beam irradiation to single crystals which have
appropriate structure, crystal packing, and bond strength
brings desired products regioselectively, instead of
decomposed or polymerized products.
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Effect of Alumina Particle on the Enhancement of H,

Production and the Reduction of H,O, Concentration
In the y-radiolysis of Aqueous Solutions

R. Yamada, Y. Kumagai and R. Nagaishi
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We have previously reported that addition of oxides, such
as Al,03, SiO,, ZrO, and TiO,, to aqueous solution resulted
in much increase in yield of H, as a final product in
y-radiolysis compared to that in pure water or H,SO,
aqueous solutions alone”. The yield obviously reflects the
results after many chemical reactions related to H, formation
and consumption. In particular, the reactions of OH radical
and of H,0, molecule with H atom reduce H, production.
Regarding the role of oxide in increasing the H, yield, the
oxide addition possibly affect not only the H, formation but
also the reduction of OH radicals and/or H,O, molecules in
the irradiated solutions. In this study we investigate the
relation between the yields of H, and H,0O, as final products
in the radiolysis by ®*Co y-rays at JAEA-Takasaki.

The samples were 0.4 M (mol/L) H,SO,4 aqueous solution
or water containing high-purity o-alumina powder
(AKP-50) supplied from Sumitomo Chemical. After
irradiation, the amounts of produced H, gas were analyzed
by gas chromatography, and the H,O, concentrations were
determined by Ghormely tri-iodide method, where the
absorbance peak of I3 ion at 350 nm corresponds to the
concentration of H,O, in the irradiated solution?.

Figure 1 shows the results of the effect of Al,O; powder
addition on the H,0, concentrations in the y-irradiated
0.4 M H,SO, aqueous solutions, where each concentration
divided by absorbed dose, namely equivalent to the H,O,
yield, was given to each absorbance peak. It is clearly
shown that the H,0, yield strongly decreased with

0.3 .
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)
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Fig. 1 Absorbance of Iy ion per ®°Co y-absorbed dose for

04 M H,SO, with alumina powder. The H,O,
concentrations per absorbed dose are given in the
figure. Each of 0.2, 0.5 and 1 g of the powder was
added to the 2 mL solution.

increasing the amount of Al,O; powder in the H,SO,
solution. In accordance with the decrease in H,O, yield,
the H, yield increased with increasing the amount of Al,O3
powder as previously reported " and shown in Fig. 2.

In the case of water, the decrease in H,O, concentration
with increasing the amount of Al,O; powder was also
observed. Regarding the relation between H, and H,0,
yields, similar to the results in the case of 0.4 M H,SO,, the
more increase in H, yield and the more decrease in H,O,
yield were observed when the more Al,O; powder was
added to water as also shown in Fig. 2. It is noteworthy
that the H,O, yield in 0.4 M H,SO, is higher than in pure
water, and that the H, yield in 0.4 M H,SOj is higher than in
pure water).  When H,0, is considered to be the oxidant
counterpart to H, in the radiolysis of water, the above results
can be reasonable in the absence of Al,0; powder. Such a
high H,0, concentration produced in 0.4 M H,SO, alone
was effectively reduced by the addition of Al,0; powder.
The role of Al,O; surface in the adsorption of OH radical
and/or H,O, molecule may be essential to the reduction of
H,0, concentration in irradiated solution.
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Incident Energy Dependences of Transient Species

in Water under Pulsed H" Ton Irradiation
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Elucidation of the reaction mechanism induced by
charged particles is significant for advanced radiation
applications in material and biological science. Pulse
radiolysis technique can observe reactions of reactive
species directly.  This technique is widely used not only for
pulsed electrons but heavy ions, because it needs high
intensity and high quality pulse, and high sensitive detection
system.  Construction of pulse radiolysis system was
succeeded to understand LET effects of MeV-class heavy
ions in Takasaki Ion Accelerators for Advanced Radiation
Application (TIARA) facility V.

NaBr was selected as a probe reagent for the OH
(hydroxyl) radical and dissolved at 1 to 1000 mmol dm™ in
purified water. NaBr aqueous solutions were saturated
with oxygen and then put into a stainless irradiation cell.
The cell has glass windows at the top and bottom for the
irradiation and optical measurements. The ion used in this
study was 20 MeV H' ion provided from the AVF cyclotron
in TIARA facility.

375 nm, was used as a light source for observation.

Laser diode, whose wavelength is

Incident energy was varied by setting different thickness of
aluminum foils, which absorbs the H' ion energy, on the
irradiation cell.

Water molecules are decomposed to H atom, OH radical,
electron and so on by H' ion irradiation as shown in
equation (1). The H atom and electron react with dissolved
oxygen to form low reactive molecules, HO,® and O,°.
The forward reactions of the reaction (2) to (5) proceed well
and Br,* is produced from the reaction of the OH radical
with Br The

absorbance of Br,*  increased just after irradiation, and then

because of high concentration of Br.

decreased gradually in 100 mM NaBr aqueous solution as

shown in Fig. 12.

The decay curve is fitted using
bi-molecular reaction equation following the reaction (7).
The peak absorbance slightly decreased with the decrease in

the NaBr concentration.

10 W~ w, *oH, «, K0, H, H,0, (1)
ke k11X 1010 M-1s!
— 1 e —Bl, o
Br+'OH == BiOH k=33 107 s @

k=42 X106 5°1 3
k=13x100Mmist )

k=44%100M1s1  (4)
k1.9 X 108 M-ls'!

BrOH*~ .—%’ Br+ OH-

BrOH* + H;0* — Br*+2H,0

BrOH™™ +Br &= B+ 00" prxiemist O
ke, . k1.2 1010 M-I

B +Br < Br, K19 %10¢s! (6)

Br,"+Br," — Br; +Br" k=1.9%10% M-1s1 ™

The formation yield of Br,* was estimated as G-value
(number of molecules per 100 eV absorbed energy) to be
0.92 for 1000 mM NaBr aqueous solution by H' ion
irradiation from the peak absorbance. In the case of low
LET radiation, the G-value was estimated at 2.92 in the
same sample. It is considered that Br,* is produced by the
irradiation and decomposed by the reaction (7) within the
pulse width for 50 us. The G-value of Br,® decreased
with the decrease in the incident energy as shown in Fig. 2.
In other words, the yield of Br,* decreased with the
increasing LET wvalue. It is experimentally and
theoretically obtained that the G-value of the OH radical
decreases when LET value increases. From the reaction
(2) to (6), the yield of Br,* will decrease by the decrease in
the OH radical yields with increasing LET value.
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Copolymerization of Maleimide with Styrene in
2-Propanol Solution
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N,-saturated 2-propanol solutions containing maleimide and styrene were irradiated with 1 MeV electron, 320 MeV C-ion,

107 and 50 MeV He-ion, and 20 MeV proton beams.

with styrene was studied. The polymer yield efficiency decreased with increasing LET value.

LET effect on the radiation induced copolymerization of maleimide

On the other hand,

irradiation at a higher LET value and lower dose rate will produce a polymer with a higher molecular weight.
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Fig. 1 Dose dependence of the polymer yields per unit

volume of the solution obtained by irradiation of ion
beams (20 nA).

Table 1  Yield of polymer by 1 kGy irradiation of electron
and ion beams.

irradiation source dose rate yield(mg/mL/kGy) ratio®

electron 1.0 mA (10* kGy/h) 1.3
electron 0.1 mA (10 kGy/h) 4.8 3.7
H-20MeV 20 nA (60 kGy/h) 3.7
H-20MeV 2nA (6.0 kGy/h) 13 3.5
He-107MeV  20nA (120 kGy/h) 2.2
He-107MeV  2nA (12 kGy/h) 9.0 4.1
He-50MeV 20nA (90 kGy/h) 1.1
He-50MeV 2nA (9.0 kGy/h) 4.4 4.0
C-320MeV 20nA (190 kGy/h) 0.7
C-320MeV 2nA (19 kGy/h) 3.7 5.3

a: The ratio of the dose rate effect on each irradiation source.

Table 2 Molecular weight at the peak of chromatogram
(Mp) obtained by 10 kGy irradiation of ion beams.

irradiation  LET value dose rate molecular weight
source (eV/nm)

H-20MeV 2.2-13 20 nA(60 kGy/h) 57100
He-107MeV 7.1-57 20 nA(120 kGy/h) 51500
He-107MeV  7.1-57 2 nA (12 kGy/h) 57000
He-50MeV  13-100 20 nA(90 kGy/h) 45100
He-50MeV  13-100 2 nA (9 kGy/h) 57000
C-320MeV  75-600 20 nA(190 kGy/h) 44500
C-320MeV  75-600 2 nA (19 kGy/h) 61200
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Measurement of the Ion Beam Pulse Radiolysis

Using Scintillator
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Nano-second time resolved ion-beam pulse radiolysis system using scintillator is developing at TIARA facility to measure

the initial process of ion-beam induced reactions in the microscopic ion tracks.

Time dependent behavior of optical

absorption of pyrene-dichloromethane solution irradiated with 107 MeV He?" ion beam was measured by stabilized ion beam

pulse radiolysis system.
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Fig. 1 Transient absorption of 100 mM pyrene
dichloromethane solution at 440 nm irradiated by
107 MeV He*" ion beam.
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We are currently developing a Compton camera
apparatus having multiple head-modules at Gunma
University for use as a three-dimensional nuclei imaging
system for medical applications. It is based on the
Compton camera technology of JAXA". In this work, a
three-dimensional imaging test for a proto-type head
module? was performed using a checking source. The
imaging results were compared with a simulation study.

Figure 1 represents the placement of the Ba-133 source
and the detectors in the head module. A coordinate system
is defined with the central axis as the z-axis, and the x- and
y-axes being strip directions of the detectors. The origin of
the coordinate is set at the center of the upper Si-detector.
The Ba-133 source was placed at the distance of 35 mm
from the Si-detector.

The top three diagrams in Fig. 2 represent the projections
of the resultant three-dimensional spatial intensity
distribution onto the x-y, y-z, and z-x plane from the left,
bottom diagrams onto the x-, y-, and z-axes. The number
of the Compton event used for the imaging was 1,069. The
concentration of intensity appears at the source position
within the margin of the installation error for the radiation
source. The one-dimensional projections of the bottom
diagrams in Fig. 2 are fitted using a Voigt function in order
to estimate the FWHM values and center positions. The
estimated FWHM values are listed on the top line in Table 1
with fitting errors. The value for the x-axis is consistent
with the y-axis value, because of the 4th order rotational
symmetry of the geometry of the detectors. In addition, it
was observed that the FWHM for the z-axis has some finite
value. This suggests that one can also observe the position
of the radioactive source for depth direction by using only
one head module.

Monte Carlo simulations were performed with the same
geometric configuration as the experimental setup. The
reconstructed image is shown in Fig. 3. Twenty thousand
events were used for the imaging. The FWHM values are
listed on the bottom line of Table 1 with the fitting errors.
The FWHM values agree with the experimental results.

Presently, three upgraded head-modules are being
constructed. We are going to perform medical experiments
by using the three dimensional imaging system in this fiscal
year.
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Fig. 2 The projections of the resultant three- dimensional
spatial intensity distribution (Experimental).
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Fig. 3 The projections of the resultant three- dimensional
spatial intensity distribution (Simulation).

Table 1 FWHM values of spatial intensity distribution
for experimental and simulation result. The unit is
millimeter.

X-axis y-axis Z-axis
Experimental | 4.21+£0.98 | 4.33+0.99 | 8.06%0.90
Simulation 3.34+048 | 3.50+0.49 | 7.60+0.68
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Improvement of Measurement System for Source

Neutron Spectrum to extend the Energy Range
down to a few MeV
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For the establishment of the neutron standard fields
above 20 MeV in Japan, the calibration fields have been
developed by using the quasi-monoenergetic neutron
irradiation fields with 45, 60 and 75 MeV peaks at
TIARA ' of Takasaki Advanced Radiation Research
Institute, Japan Atomic Energy Agency. Since energy
spectrum of the source neutron has a continuous distribution
in the lower energy region below the main peak, the
contribution from the neutrons in the lower energy region
must be subtracted from the total response of the neutron
detectors and monitors for precise response evaluation to the
peak energy neutrons. Therefore, measurement of the
quasi-monoenergetic source neutron energy spectrum is
necessary.  The neutron energy spectrum is usually
measured by the time-of-flight (TOF) method using the
organic liquid scintillation detector. However, it is difficult
to measure neutron energy spectrum below 10 MeV since
the low energy neutrons with smaller pulse heights than the
threshold in some measurement circuit modules were
rejected in the data acquisition.  Therefore, by the
following efforts on the measurement circuits, the lower
limit of energy range of the neutron measurement was
lowered.

In the TOF measurement, to obtain the timing signal, the
constant-fraction-discriminators (CFDs) were used. The
anode signal of the photomultiplier tube (PMT) of the
detector was used as the stop signal, and the chopper signal
of the cyclotron was used as the start signal. Low energy
neutrons with pulse heights below the low level threshold of
the CFD were rejected to generate the output timing signals.
Therefore, the maximum pulse height of the anode signal as
the CFD input was adjusted to be slightly lower than the
maximum input voltage by using coaxial attenuators in order
to measure neutrons of energy as low as possible. The
frequency of the cyclotron’s beam was reduced to 1/5-1/6
by the beam chopper so as not to prevent from measuring
low energy neutrons by the overlapped timing of high
energy neutrons in the next beam bunch.

The neutrons can be separated from gamma rays by using
the difference of the rise time of the signals. The dynode
signal of the PMT was amplified and divided for use of the
pulse height and the rise time data to obtain the
2-dimensional distribution of both data.
2 parameter data taking, low energy neutrons with smaller

In this case of the

pulse heights than the lower level threshold of the
pulse-shape-analyzer for rise time data could not be
measured. To measure such low energy neutrons, the pulse
height must be enlarged by higher amplification gain.
However, in such a gain setting, the pulse height to the main
peak energy became higher than the maximum input voltage
of the analogue-to-digital converters. Therefore, another
set of the simultaneous measurements of the pulse height
Divided dynode
signals were led to the inputs of the normal gain amplifier

and the rise time was incorporated.

for high energy neutrons and the 10 times higher gain
amplifier for low energy neutrons.

Figure 1 shows the 2-dimentional distributions on pulse
height versus rise time for two amplification gains of the
pulse height. As shown in lower half in Fig. 1, by the
measurement with two amplification gains of the pulse
height, the threshold to the pulse height could be lowered,
and the improved separation from gamma rays of neutrons
was achieved in the low energy range.

In conclusion, the improvement of the measurement
system enabled to extend the energy range down to a few
MeV for precise separation from gamma rays of neutrons.
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Quasi-Monoenergetic Neutron Fields at TIARA
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Precise measurements for high energy neutrons are
important in studies on the 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 cyclotron facility TIARA are promising candidate for
reference fields in order to calibrate measurement devices®.
The peak neutron fluence was measured with a proton recoil
telescope and a liquid scintillator ). However, it is also
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. The neutron spectrum of low energy
region in the field was measured with a °He loaded
multi-moderator spectrometer (BSS)®. The moderators are
composed of polyethylene and lead. The response function
of the BSS was determined by calculation with the MCNPX
simulation code and experimental results obtained at
monoenergetic neutron fields with energy range from
100 keV to 15 MeV in AIST?. The BSS was placed 15 m
away from the target. The neutron spectrum was extracted
by an unfolding method with the MAXED code® from the
experimental data. Figure 1 shows the continuous part of
neutron spectral fluence measured with the BSS at the
60 MeV quasi-monoenergetic neutron field. The peaks in
the thermal region and around 1 MeV are shown in the
experimental results. The neutron fluence in the thermal
region was also experimentally evaluated by the Au foil
activation method. In the Au foil activation method, the
thermal neutron fluence was determined by the Cadmium
difference method, using the Au foil with 20-mm diameter
and 1-mm thickness. The gold foils were placed 6.4 m
away from the target. The activities of '"*Au was
measured with a high purity Ge detector. The thermal
neutron fluence rate was 0.14 cm?s'. The thermal
neutrons are able to become backgrounds in calibration for
neutron dosimeters. The experimental data obtained from
the BSS and the Au foil activation method indicate the
thermal neutron fluence rate are very low. A thermal
neutron detector was also developed to measure the thermal
neutron fluence. The thermal neutron detector consists of a
The foil and
A position of

SLiF foil and an Si semiconductor detector.
the Si detector are set in a vacuum chamber.

the Si detector is out of the beam cone to prevent radiation
damage. In the thermal neutron detector, the thermal
neutron fluence was obtained by measuring charged
particles produced by the ®Li(n,a) reaction. The efficiency
of the thermal neutron detector was obtained from
calibration in a thermal neutron field produced by a graphite
pile at AIST. It is necessary to more precisely evaluate the
low energy neutron spectra to improve the reliability of the
experimental results.

A part of this study is the result of “Development of a
progressive calibration method for neutron dosimeters using
white neutrons” carried out under the Strategic Promotion
Program for Basic Nuclear Research by the Ministry of
Education, Culture, Sports, Science and Technology of
Japan
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Fig. 1 The continuous part of neutron spectral fluence
measured with the BSS at the 60 MeV
quasi-monoenergetic neutron field.
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Test Measurement of Neutron Energy Spectra on

Thin Targets Bombarded with 13 MeV/nucleon **Ne
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There is currently a renewed interest in low-energy heavy
ion reactions with the availability of newly developing
techniques acceleration of intense
(~ 1 particle pA) low-energy (~ 15 MeV/nucleon) rare
isotope beams from ISOL targets. New facilities are under
development at ReA3 and the Facility for Rare Isotope
Beams (FRIB) facility at Michigan State University (MSU).

It will be sometimes desirable to allow personnel to work

such as the

around experimental endstations, where heavy ions interact
with targets or beam transport components producing
possibly significant levels of neutrons. It is useful to be
able to easily and reliably predict neutron radiation levels
around such new facilities.

The Monte Carlo-based heavy ion transport codes system
PHITS Y has been typically used to predict radiation levels
around high-energy (above 100 MeV/nucleon) heavy-ion
accelerator facilities. However, predictions by PHITS
around low-energy (around 10 MeV/nucleon) heavy-ion
facilities have not yet been investigated. In this report, we
describe the test measurement of neutron energy spectra
from 15-pm-thick °Be and I-um-thick "Fe targets
bombarded with 13 MeV/nucleon *Ne and comparisons
between the experimental data and calculation results.

The experiments were carried out at the HB-1 beam line
at the AVF cyclotron of TIARA. The targets are installed

in a vacuum chamber. The NE213 organic liquid
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Fig. 1 Energy spectra of neutrons from a 15 pum-thick
beryllium induced by 13 MeV/nucleon *’°Ne bombardment.

scintillators (5.08 c¢cm in diameter and 5.08 cm in length)
were placed in directions of 15° at a distance of 2.0 m from
the target to measure the light outputs by neutrons and the
time-of-flight (TOF). A 2-mm-thick plastic scintillator
NE102A placed in front of the neutron detector tagged
events induced by a charged particle. The events of
neutrons and y-rays were separated by using a pulse shape
discrimination technique and neutron energy spectra were
analyzed by the TOF method. Figures 1 and 2 show the
neutron energy spectra with comparison between measured
and calculated results using the JQMD model and the
evaporation models, GEM and DRES. The calculated
results generally overestimated the measured data due to the
emission of many neutrons following the decay of excited
fragments with high energies. The agreement between
experimental and calculated results for iron target was better
than that for beryllium target.

We will measure neutrons at other angles with beryllium,
iron and tungsten targets to check the accuracy of
calculation codes over wide angles and mass ranges.
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Fig. 2 Energy spectra of neutrons from a 1 um-thick iron
induced by 13 MeV/nucleon *’Ne bombardment.
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Nuclear data on proton-induced neutron and y-ray
production in an energy range from 10 to 20 MeV is
important to execute the shield design and to estimate
activation of low-energy accelerator facilities for medical
use such as production of radiopharmaceuticals in positron
emission tomography (PET) and a neutron source of an
accelerator-based boron neutron capture therapy (BNCT).
A number of cyclotrons are installed in medical facilities to
produce positron emission radioisotopes such as '°F through
the '®O(p,n)'8F reaction for label tracers used in PET.
The °Be(p,n) reaction is one of possible neutron sources
used in an accelerator-based BNCT.  These nuclear
reactions simultaneously produce neutrons and y-rays, and
neutrons severely activate the accelerator components and
the cyclotron room. The energy and angular distribution of
neutrons should be estimated for radiation safety as well as
clearance of the facility decommission.

Currently, shielding of the neutrons and y-rays as well as
activation of accelerator components and the room wall are
calculated by using calculation codes such as PHITS" and
MCNPX?. The accuracy of the codes for such a low
energy region should be checked by experimental data,
because most of physical models implemented in the codes
were developed to describe reactions of high-energy
particles. However, the experimental data on the energy
and angular distribution for neutron and y-ray production are
very scarce especially for proton energies from 10 to
20 MeV. In this report, we describe the measurement of
neutron and y-ray energy spectra from various thick targets
(2.8 mm-thick ’Be, 2.8 mm-thick ™C, 3 mm-thick *’Al,
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Fig. 1 Energy spectra of y-rays from a thick aluminum
target induced by 18 MeV proton bombardment.

2.8 mm-thick ™Cu, 0.7 mm-thick "*'Ta, 6 mm-thick pure
water; HZI(’O, 6 mm-thick '*O-enriched water; H218O)
induced by protons, and comparisons between the
experimental data and calculation results.

The experiments were carried out with 12 and 18 MeV
proton beams delivered to the HB-1 beam line at the AVF
cyclotron of TIARA. The targets are installed in a vacuum
chamber. The NE213 organic liquid scintillators (5.08 cm
in diameter and 5.08 cm in length) were placed in directions
of 0, 15, 30, 45, 60, 75, 90, 120 and 150° at a distance of 2.0
- 5.0 m from the target to measure the light outputs by
neutrons and y-rays, and the time-of-flight (TOF). The
events of neutrons and y-rays were separated by using a
pulse shape discrimination technique and these energy
spectra were analyzed by the TOF method for neutrons and
the unfolding method with FERDOU code ? for y-rays,
respectively. Figures 1 and 2 show the typical y-ray energy
spectra with comparison between measured and calculated
results using MCNPX with LA150 data library for
aluminum and copper, respectively. The calculated results
generally well reproduce the measured energy spectra.

We will expand systematic measurements of neutron and
y-ray spectra from accelerator components induced by lower
energy deuteron bombardment to check the accuracy of
evaluated data libraries and calculation codes.
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An electron beam (EB) generator of a few tens of keV is
frequently used for surface modification such as the addition
of the hydrophily for various polymeric materials”. Thin
radiochromic film dosimeters such as FWT-60, GAF and B3
are mainly used in low energy EB industrial processing.
But these film dosimeters have a few ten um thickness,
which has limitation for dose evaluation at extremely thin
layer of polymeric material surface.  Therefore dose
measurement technique with higher resolution than the film
dosimeter is required to control the surface modification by
such low energy EB.
of EB

refractive index change of aliphatic polyimide (PI) were

Then the ellipsometric properties induced
examined. Ellipsometry is an optical measurement of the
polarization change occurring when light interacts with
materials?. It is able to measure refractive index with high
resolution of 1 nm order in depth. This work aims to
reveal relationship between dose and dose response
(refractive index) of aliphatic polyimide by ellipsometry.
The dose measurement with high resolution based on
ellipsometry is useful for development of functional
materials in a few tens of keV EB processing.

Films of PI (PMDA/DCHM) used in this study were
supplied from Teraoka Seisakusyo Co., Ltd. The PI film
was prepared from mixing equimolar amount of pyromellitic
dianhydride (PMDA) and diamino-dicyclohexyl methane
(DCHM) in added with
trifluoroacetoamide under nitrogen atmosphere at 0 °C for

dimethylacetoamide,

1 hour, followed by heating at room temperature for
6 hours®. The PI film is colorless and transparent in the
visible wavelength region due to the restriction of the charge
Irradiation by 2 MeV-EB was performed by a
The refractive index change by EB
was measured, using ellipsometer (model M-2000, J.A.
Woollam Co., Inc).

The characteristics of dose response were examined at
readout wavelength of 400 - 1600 nm. The dose response
read-out at shorter wavelength is higher than that at longer

transfer.
Cockcroft accelerator.

wavelength (Fig. 1). The refractive index change is larger
at absorbed dose value for every wavelength of 400 - 1600
nm. This result shows that charge transfer must have
The dose response at
wavelength of 400 nm is appropriate to the evaluation of
This suggests that PI film
would be applicable to dose evaluation for wide range of

0.5 - 10 MGy.

occurred by EB irradiation.
relative absorbed dose (Fig. 2).

Ellipsometry results of the irradiated

PMDA/DCHM film need to be discussed further.
As the next step, 50 keV EB
PMDA/DCHM film is to be conducted.

irradiation of
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When the swift cluster ions, with velocities exceeding the
Bohr velocity, interact with a matter, the characteristic
phenomena which never appear in a case of the single ion
irradiation are caused. It has been known that energy
losses per atom of the swift cluster ions passing through a
thin foil are larger than that of the single ions at the same
speed. Such a behavior of cluster ions can be typically
interpreted as resulting mainly from factors of both a
symmetric screened Coulomb interaction among the cluster
constituent ions and an interference of asymmetric
excitations of the target electrons induced by the correlated
motions of constituent ions. That is called a “vicinage
effect”. It is considered, in particular, that the later factor
gives rise to the dependence of the orientation angle of the
internuclear axis of cluster ion on the vicinage effect. In
fact, the energy losses of cluster ions aligned parallel to the
beam direction were shown to be lower than that of the
single ions in contrast with the cases for the random
orientation angle b,

The vicinage effect influences the charge states of cluster
constituent ions. In the experimental measurements using
the carbon clusters (Cy; n=3-10), Brunelle e al. ¥ found that
the average charges of cluster constituents emerging from
the foils are reduced as compared to that of the single ions.
It was shown by the theoretical calculation that the
reductions of charges are mainly due to a perturbation of the
Coulomb potential by the neighbor constituents®, but the
contribution to the charges from the interferences of electron
excitations cannot be disregarded. Such contribution to the
charges, however, has not been verified experimentally so
far. Therefore we performed the preliminary experiments
to investigate the relationship between each charge and the
relative position (i.e., leading and trailing ion) of the
constituent ions of cluster aligned to the beam direction.

Experiments were conducted using 3-MeV/atom C," ions
accelerated by 3-MV tandem accelerator at the JAEA
Takasaki. A schematic drawing of the experimental setup
is shown in Fig. 1. The C," ion beam was shaped to
achieve the high directional pulsed beam (1 kHz, 5 ps in
pulse width) by scanner and collimator (0.1 mm in diameter)
before incidence to the scattering chamber. The beam
intensity was reduced to a rate of approximately 20 clusters
per second by beam attenuators and slits. The vertical
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Schematic drawing of the experimental setup.
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Fig. 1

component of the velocity of constituent ions dissociated in
a carbon foil of 80 A in thickness is enhanced depending on
the orientation angle by the mutual Coulomb repulsion.
Hence, only if the orientation angle of incident cluster ion
was almost parallel to the beam direction, its constituent
ions can pass through a pinhole (0.6 mm in diameter)
adjusted upon the beam axis located downstream of the foil.
The orientation angle of such clusters depends on the
product of charges g; X g; of their constituents, and could be
calculated by a Monte Carlo simulation®, e.g., the product
of charges ¢;x g; = 3x4 was estimated to be <9.1°. Two
ions after passing through the pinhole were deflected
vertically to a certain angle corresponding to their charge by
the electric field applied to the deflector, and were
preferentially detected as a timing signal by each
Micro-channel plate (MCP) according to their charge.
Two timing signals were individually fed into a high-speed
digitizer, and the arrival time difference between two ions
was obtained by an analysis program on a PC.

Distributions of the arrival time differences for the
product of charges 2 x 3, 2x4, and 3 x4 are shown in Fig. 2.
The horizontal axis in Fig. 2 is defined as subtracting the
arrival time of a lower-charged ion from that of a
higher-charged ion, i.e., the right-hand distributions indicate
the cases in which the lower-charged ions were leading.
The time differences were consistent with the calculated
values by the simulation Y. Moreover, it could be
confirmed that the time differences slightly increase with
increasing the product of charges by the enhanced mutual
Coulomb repulsion. The significant dependence of the
relative position between two constituent ions on their
charges could not be verified due to the insufficient amounts
of data. However, this measurement is considered to be
useful for getting a new insight that would be necessary to
elucidate the origin of the vicinage effect.
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The interaction of swift cluster ions with matter has
attracted an attention in these years, because 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 picosecond. These situations cause
non-linear effects or synergetic effects, which are not
normally caused by a single atom collision with solid
targets.

Our study is
characteristics of the interaction between energetic cluster

purpose of this to elucidate the
ions and solids by means of measuring luminescence from
solid surfaces irradiated with cluster ions. In this report we
will present results of luminescence measurement from
sapphire target irradiated with C,* ~ C;" cluster ions.
Luminescent spectra from sapphire (a-Al,O3) induced by
0.5~1.5 MeV/atom (42 ~126 keV/u) C,"~Cy" ion irradiation
were measured in the wavelength range of 250-800 nm as a
function of ion fluence at room temperature. Cluster ion
beams accelerated by the TIARA 3 MV tandem accelerator
were used for this study. Beam intensities were typically
2.5 nA for C," and 40 pA for Cg" ions.
measurement has been carried out by using an optical

The luminescence

multichannel analyzer (Hamamatsu Photonics PMAI11).
Energy dependence of incident cluster ion beams on
luminescence yield has been measured. Ion induced
luminescent spectra peaked at 326 and 411 nm were
observed. Luminescence of 326 nm was identified as F"
center, whose intensity grew up and decayed gradually with
irradiation. Luminescence of 411 nm was F center, whose
intensity grew up rapidly and decayed faster than F' center
luminescence  with  irradiation . Intensities  of
luminescence reached peaks with less fluence as the cluster
size increased.

The incident cluster ion size dependence on the yield of
the F" center luminescence from sapphire target is shown in
Fig. 1. The incident energy dependence is also shown in
this figure. In this study the maximum intensity of
luminescence was set as the luminescence yield and each
yield was compare to the yield for C," ion irradiation, since
the intensity of luminescence was dependent on the ion
fluence. The ratios R, of luminescence yields from
sapphire target irradiated with 0.5, 1.0 and 1.5 MeV/atom
C," ~ Cg" 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 I(1) is the yield

for C,"ion. The luminescence yields increase as the cluster
sizes increase for every incident energy range, but the ratios
R, become less than unity in the energy range of 0.5 and
1.0 MeV/atom. The ratio is unity if the yield increases
In case of 1.5 MeV/atom

incident energy, the ratio seems to be over unity though this

linearly as cluster size increases.
is preliminary result. This tendency also appears in the
theoretical calculation of the stopping power (S=-dE/dx) for
The ratio R, of
stopping power of cluster ion to that of single atom ion
describes as R,= S(n) / nS(1). This value is independent to
kinds of targets and depends on incident velocity only. The

the united atom limit of cluster ions2.

experimental results show the same tendency as the
calculation of stopping power theory and exist between
unity and the value for the united atom of the cluster ion.
This suggests that luminescence caused by irradiation
defects directly relates the stopping power of incident cluster
ion.
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Fig. 1 The ratios of yields of luminescence from F'

center of sapphire target irradiated with 0.5~ 1.5
MeV/atom C,"'~Cy" projectiles to that for C," ions in
Dashed
and dotted lines show the theoretical stopping power

each energy indicate with continuous lines.

calculation for the united atom of projectile.
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Cluster-ion-solid interaction has been attracted attention
in that the irradiation effects are different from that expected
in single-ion irradiation. The resultant effect will be
characterized by the term of cluster effect, which has been
found in the average charge, energy-loss, and secondary
electron emission under MeV carbon cluster impacts. The
cluster effect is classified in two aspects: negative (or
sub-linear) region, and positive (or over-linear)
region”. So far, the positive cluster effect in energy-loss
was reported experimentally. Recently, a clear evidence of
negative cluster effect in the energy loss per ion was
reported for 0.5 MeV/atom carbon cluster ions penetrating
thin carbon foil?. In this report, we represent the positive
cluster effect in a refined treatment.

The theoretical basis in the present study 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 forces
acting on each ion in a solid is composed of the screened
coulomb repulsive force and the dissipative polarization
force due to the induced electrons in a matter. The
excitation of target electrons is treated in an electron gas
model. In a case of carbon target, four electrons per atom
participate in electron gas and the rest two electrons are in
the 1s state.

The energy loss of each constituent ion in a cluster is
evaluated using Molecular Dynamics Method by solving the
Newtonian equation of motion. Here we assume the
cluster structure is a linear-chain so that the incident
condition is characterized only by the polar angle between
the cluster axis and the direction of incidence. Figure 1
shows the average energy-loss of constituent ions for C,"
incidence at 675 keV/atom (solid line) and at
3.675 MeV/atom (dashed line) on carbon foil of 480 A
thickness as a function of the incident orientation angle & .
At the higher energy, the average energy loss per ion
becomes maximum at about 6=45°. This is a large
contrast to the case of the lower energy, where the maximum
reaches at #=90°. The average charge per ion at the
incident energy of 3.675 MeV/atom are shown in Fig. 2 as a
function of 6. Here, we found that the average charge per
ion is maximum at @ =0, while at 675 keV/atom it does at
6=90°.

By averaging over the orientation angle with the
appropriate  weight function, we can obtain the
orientation-averaged energy loss per ion, AE(n)/n, and
the orientation-averaged average charge per ion, Q(2)/2,
for C," incidence on carbon foil. At 675 keV/atom, we
obtained AE(2)/2—-AE(1) =-1.845keV, which means the
negative cluster effect. On the other hand, at 3.675

MeV/atom, we obtained AE(2)/2-AE(1)=3.90 keV.
This means the positive cluster effect. Here AE(l) and
O(1) denote, respectively, the average energy loss and the
average charge of a single carbon ion at the corresponding
incident energies. Regarding the average charge per ion,
0(2)/(2xQ(1)) amounts to be 0.947 at 675 keV/atom and
0.942 at 3.675 MeV/atom. It is well known that the cluster
average charge per ion is always less than that of a single ion
with corresponding incident energies V. The calculated
energy-loss values are in agreement with the trend of
existing experimental data. This report displays that the
present theoretical treatment can also derive both the
negative and the positive cluster effect in the energy-loss
process. In this respect, the present treatment will be able
to predict the energy-loss and the average charge more
widely. Applications to other clusters are now in progress.
Finally we acknowledge a partial support from a
Grant-in-aid of Scientific Research (C) from JSPS.
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Doppler broadening S-parameter measurements have been performed to study Au cluster ion irradiation effects on Fz-Si

single crystals by using slow positron beam apparatus.

The depth profile of Doppler broadening S-parameter clearly shows

that vacancy type defects are introduced in both irradiation case, but different types of defects, such as gold-vacancy and
vacancy-impurity complexes, are produced in Fz-Si by Au and Au cluster ion irradiation.
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The sputtering yield of a polycrystalline or amorphous
single-element solid bombarded with monatomic ions is
well described by the linear-collision-cascade theory by
Sigmund”. When the atomic numbers of the projectile and
the target become large, however, the deviation of
experimental sputtering yields from the theoretical
predictions, which is called nonlinear effect, is found;
especially, it is more significant in the case of
molecular/cluster-ion bombardment?. In the case of Au
self-sputtering by Au,-ion (n < 13) bombardment, it has
been reported that the sputtering yield is proportional to n’
in the energy range where the nuclear stopping is dominant®.
This nonlinear effect can be attributed to an elastic-collision
thermal-spike model¥. In the present report, we have
determined Si sputtering yield as a function of energy of Cyp
ions in the energy range from 10 to 540 keV in order to
investigate nonlinear effects on the sputtering yield.

Experimental details are described elsewhere”; thus they
are omitted here. Figure 1 shows the obtained sputtering
yield of Si bombarded with Cg, ions as a function of the
energy per atom as well as of the energy of a Cqy ion. The
observed sputtering yield has the maximum around 100 keV,
which is approximately 600 Si/Cgo or 10 Si/C. In order to
evaluate the observed sputtering yields, they were compared
with those bombarded with a carbon monatomic ion
calculated both based on the linear-collision-cascade theory
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Fig. 1 Energy dependence of the Si sputtering yield for
Cgo-ion bombardment.  The solid line shows the
sputtering yield for monatomic-ion bombardment
calculated based on the theory of Sigmund. The result

simulated with SRIM2008 is also shown.

by Sigmundl) and using the SRIM2008 code®. Calculated
results are shown in Fig. 1 as the solid line and the open
diamonds, respectively. Comparing with the calculated
sputtering yield for an equi-velocity monatomic ion,
nonlinear effect on the sputtering yield has been found.
Here, we introduce the sputtering-yield ratio Yo/(60 X Y}),
which gives the magnitude of the nonlinear effect of the Si
sputtering by Cgp-ion bombardment; it is shown in Fig. 2.
The sputtering-yield ratio depends on the energy of Cg ions:
It is very large around the energies where the sputtering
yield has the maximum and hardly observed at 10 keV. No
n? dependence is observed. The present results support that
the observed nonlinear effect is not attributed to “the
thermal spike” but to “the dense collision cascades”.
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Secondary ion (SI) mass spectrometry is based on the
phenomenon that secondary ions (SIs), produced by a
primary ion impact on a target, provide information on the
elements, chemical structure, and surface composition.
Enhancement of SI emission yields has been required for
further surface-sensitive chemical analysis and high contrast
imaging of SIs. Cluster ion impact on a target produces
different SI yields compared with those for monoatomic ions
because of the unique irradiation phenomenon that the
constituent atoms of an incident cluster simultaneously
impact on a very small region of the target surface.
Generally, the larger the primary cluster ion is, the larger the
enhancement effect is on SI yields. Cg is one of the most
useful primary cluster ions for SI mass spectroscopy due to
its large cluster number and stability. We had developed
time-of-flight (TOF) SI mass spectroscopy using primary
Cgo 1ons in the medium energy range (from several tens to
several hundreds of keV), where few attempts have been
made to study Cg impacts”. In this paper, we report
comparison of SI yields from a Poly(tetrafluoroethylene)
(PTFE) target for incident ion impacts of Cg ion impacts
with an energy range from 30 keV to 270 keV by TOF SI
mass analysis combined with SI electric current
measurements.

The medium energy Cqy TOF SI mass spectroscopy was
developed using a 400 kV ion implanter of the Japan Atomic
Energy Agency (JAEA)/Takasaki, as described elsewhere".
Briefly, pulsed Cg ion beam was produced by chopping
direct current Cg, ion beam with electrostatic deflection
plates triggered by a pulse generator and a series of
collimators before injecting into the target. The pulsed ion
beam was incident on the target at an angle of 45° to the
target surface.  SIs produced by Cg impacts were
accelerated between the target and a TOF drift tube before
hitting a microchannel plate (MCP). The start and stop
signals for TOF measurements were provided by the pulse
generator used for pulsing the incident ion beam and a
constant fraction discriminator (CFD) connected with the
MCP output via a pre-amplifier, respectively. A SI
counting system of the spectrometer was improved using a
fast digital storage oscilloscope in order to obtain more
accurate TOF SI mass spectraz). For comparison of SI
yields per Cg impact, peak intensities of the TOF SI spectra
was scaled based on ¢I,/I, (¢: incident ion charge number,
I,: incident beam electric current, /,: positive secondary ion
current for each irradiation condition), where /, and I, are
directly measured using highly sensitive electrometers
respectively connected to a Faraday cup and a movable
metal plate with a grid, as described elsewhere™.

Figure 1 shows the positive SI mass TOF spectra from
m/z (mass to charge ratio) = 0 to 140 of PTFE for (a) 30 keV

Ceo', (b) 60 keV Cg", (c) 120 keV Cq' and (d) 270 keV
Ceo”', respectively.  The relative SI intensity on the vertical
axis is proportional to the SI yield per Cg impact, as the
total counts of the spectra are scaled based on gl,/I, as
described above. The major peaks in the figures were
assigned to fluorinated carbon compounds Cfo. We note
that the characteristic peak intensities of PTFE increase with
increasing incident energy. This result demonstrates that
impacts of Cg, with increased incident energies (60 keV Cq",
120 keV Cg' and 270 keV Cg?") are advantageous for
sensitive detection of the characteristic SIs of PTFE over the
lower energy 30 keV Cg" impact.

In conclusion, the use of impacts of Cgy ion with the
increased incident energies (60 keV Cg', 120 keV Cq" and
270 keV Cg’") provided higher yields of the characteristic
positive SIs for PTFE than those of lower energy Cg ions
(30-keV Cq") and advantageous for highly sensitive
chemical analysis of PTFE.
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Correction system of the cyclotron magnetic field for
reduction of beam changing time

It takes a few hours to change ion species or energy of
cyclotron beams, the main cause of which is a long-time

process to form the cyclotron magnetic field for acceleration.

Then the reduction of the forming time is strongly required
While the forming
time with the previous process is about 40 minutes, we

to increase the available beam time.

developed a new substitute process”, which can reduce to
about 10 minutes in a restricted start-up condition. A
correction system of the cyclotron magnetic field consisting
of a bipolar power supply and a 5-turn coil was developed.
We confirmed that this system can reduce the forming time
to about 10 minutes in most start-up conditions.

Emittance reduction effect of the extracted beam by the
beam buncher

The emittance of the beam extracted from the cyclotron
probably increases with a wider beam phase width in the
cyclotron because the accelerating beam extends spatially by
the expansion of the energy spread caused by the difference
of the acceleration voltage according to the RF phase in a
sinusoidal waveform. Smaller emittance of the extracted
beam is expected by the beam buncher, which compresses
the direct current beam in the low energy beam transport
line within a narrow RF phase width. In order to verify
this speculation, the emittance of the extracted beam was
measured by the emittance monitor at CS0, the first
diagnosis chamber after extraction from the cyclotron.
The measured horizontal 80% emittance of the 260 MeV
Ne” beam was 1.297 and 1.67t mmemrad with and
without the buncher, respectively. The result shows clear
reduction of emittance by the buncher. Moreover we
confirmed that the extraction efficiency increased by
reduction of the emittance with the buncher.
Measurement of injection beam emittance and
acceptance of the cyclotron system

We are developing an emittance and acceptance
measurement system to evaluate transverse phase-space
matching of an injection beam to the acceptance of the
cyclotron system. The system is planned to use to improve
the transverse matching for higher beam transmission from
ion sources to the irradiation chambers. Emittance and
acceptance measurements were tested.

The system is composed of the phase-space collimator?
The PSC, which is
installed in the low energy beam transport line, consists of

(PSC) and beam intensity monitors.

two pairs of slits. One pair of slits pass the beam within an
arbitrary area in the x-x’ phase plane and the other in the
y-y’ phase plane.
distributions in transverse phase planes are measured using
the PSC and a metal plate just behind the PSC as a beam

intensity monitor in the low energy beam transport line.

In emittance evaluation, beam intensity

In acceptance evaluation, beam transmission distributions in
transverse phase planes are measured using the PSC and a
Faraday cup or a scintillation counter® installed in the high
energy beam transport line after the cyclotron.

Preliminary tests of this system were carried out under
the 160 MeV '®0°" accelerating condition. The emittance
of the injection beam, which is the 50.2 keV '*0%" beam
from the 14.5 GHz ECR ion source (Hypernanogan), and the
acceptance from the PSC to the Faraday cup at HA2
chamber in the high energy beam transport line were
measured. Figure 1 shows results of both measurements in
the x-x’ phase plane. We confirmed that the whole beam
emittance and a part of the acceptance were successfully
measured. Concerning the acceptance, however, only the
area overlapped with the emittance was able to be measured
because the injection beam did not cover the area of whole
acceptance. To extend the measurable area, the injection
beam needs to be enlarged or to be scanned in the phase
planes to simulate the large emittance. Equipment for
scanning the beam in each phase plane will be added to this

system to measure whole acceptance.
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Fig. 1 The measured emittance and part of acceptance.
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Cluster ion acceleration

One of the key points in accelerating cluster ions using a
tandem accelerator is the transmission, which is defined as
the ratio of incident negative cluster ion beam current upon
the tandem to accelerated intact positive cluster ion beam
current. Most negative cluster ions injected into the
tandem get destroyed in collisions with the target gas in the
charge exchange section from negative to positive in the
high voltage terminal, thus making the transmission of
cluster ions is much lower than that of mono-atomic ions.
Therefore, we investigate 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 not only a small destruction cross
section but also a large charge exchange cross section
In this
fiscal year, the destruction and production cross sections for
2.5 MeV carbon cluster ions C, (n=2, 4, 8, 10) in collisions
with a neon gas target were evaluated from a beam

transmission through the tandem accelerator?.

without destruction V' (production cross section).

As a result,
it was revealed that the destruction cross sections for C,
were on the order of 10™'® cm® and were proportional to the
number of atoms in the cluster. We have tried to calculate
the destruction cross sections by assuming that C, clusters
are liner chains and their colliding directions with a neon gas
are random. As a result, the calculated line (dashed line) in
Fig. 1 almost consists with experimental values. It
indicates that the destruction cross sections strongly depend
on the geometry of the cluster ions. We will investigate the

dependence on geometrical size of target gases.
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Fig. 1 Destruction cross section of C, (n=2, 4, 8,10).

The dashed line represents the calculated cross
sections, cf. text.

Development of beam profile monitor using multi
Faraday cups

We developed an ion beam profile monitor using multi
Faraday cups (MFC).
of each FC unit for the measurement of a fullerene ion beam

profile were studied in last fiscal year?.

Suitable depths and bottom shapes

In this fiscal year,
the MFC’s performance was tested. Twenty-five Faraday
cups with 3 mm in diameter, 15 mm in depth and oblique
bottom were arrayed at intervals of 5 mm in a square lattice
The of beam current
measurement was about 20 pA due to background and
switching noises which were measured using the digital
multi-meter (DMM); National Instruments PXI-4071. The
readout time from twenty-five FCs was usually 85 msec, and
7.5 sec when the DMM was used at 20 pA sensitive range.
The beam profile of 30 keV Cq," generated with the 400 kV
ion implanter was successfully measured, as shown in
Fig. 2.
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Fig. 2 Beam profile of Cg beam at 30 keV. It was

measured using the developed multi Faraday cups.

Emittance measurement using scintillator luminescence
induced by MeV proton beams

Emittances of proton beams accelerated by the 3 MeV
single-ended accelerator are measured using an emittance
monitor with a scintillator developed in TIARA. In this
fiscal year, the improvement of the proton beam emittance
was observed using the emittance monitor, finely adjusting
the extraction voltage of the ion source in the accelerator.
Since the obtained emittance and brightness were relative,
they will be measured using a scanning fine metal wire to
obtain the beam current in the next fiscal year as compared
with those of the scintillator.
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The development of the fast single-ion hit system is
continuously proceeded in order to improve the quality of
microbeam and single-ion hit at the HX course of the
TIARA cyclotron. The major subjects are reduction of
miss hit in the single-ion-hit irradiation and development of
a real-time detection system of single-ion hit. New
microbeam development was also carried out.

The miss hit, no hit on the targeted point by any ions,
appears on occasion at more than ten percents of the total hit

number depending on tuning of beam focusing or transport .

The experiment of irradiation on living cells requires its
reduction down to less than 1%. The process where the
miss hit takes place is currently considered as follows:
Some ions passing through the micro slits collide the slit
edge and their charges change into plural states by the
collision as shown in Fig. 1. Ions with changed charges
consequently feel different force of magnetic filed of the
focusing lens and electric field of the scanner. Then such
ions go along paths not leading to targeted points.

This speculation was clearly demonstrated in the case of
260 MeV-"Ne’.  The ion beam focused on a film detector
of CR-39, 100 um thick, was deflected by a constant voltage
of the scanner downstream of the micro slit. Four groups
of etch pits created by ions, each of which contained
hundreds of pits, were observed on the CR-39 hit by ten
thousand ions. The ratio of distances between the group

without voltage and those with voltage was roughly 7:8:9:10.

This strongly indicates that the ion charges spread from 7+
to 10+ by collision at the slit.

The energy spectrum of the ions measured with a silicon
surface barrier detector was of a single peak and its width
appeared normal within the resolution of the detector. In
the case of 320 MeV-"2C®, only one group of etch pit was
observed because 6+ is the highest charge of a carbon ion.

The above result indicates that ions with changed charges

Fig. 1 Schematic image of charge change of Ne”*
by collision at the micro slit.

did not lose their energy significantly, therefore the charge
state change took place by a small-angle collision in a short
path in the micro slit (Fig. 1). Under this speculation, three
different curvature of the slit edge (R in Fig. 1), 4 mm,
8 mm and 10 mm, were examined to compare ratios of
charge change. The result shows a tendency that the ratios
reduce with larger curvature. However, the ratios also
depend on the tuning of beam transport. It is difficult to
quantitatively evaluate the effect of the curvature at present.
The relative intensity of each charge should be inspected
further in detail taking account of a reason why the charge
does not change to lower states. This knowledge will lead
to understanding of the mechanism of the charge change and
to establishment of a method for complete removal of miss
hit.

A technique of real-time detection of single-ion hit
position is dearly desired by the microbeam users because it
allows them to improve efficiency of a single-ion hit
experiment.  The single-ion hit position is currently
detected with an off-line method using CR-39. The
irradiated CR-39 is chemically etched to make pits at
positions hit by single ions that penetrated the target and the
pits are observed with an optical microscope.  This
detection procedure takes about an hour.

The real-time detection system has been constructed by
assembling a scintillator, a high sensitivity cooled CCD
camera and an image intensifier. The detection
performance was examined using ZnS:Ag irradiated with
3 MeV-Ni ions accelerated by the TIARA tandem
accelerator. A microbeam at the tandem accelerator can be
formed much swiftly than that at the cyclotron.
energy transfer of the 3 MeV-Ni is almost the same as that
of 260 MeV-Ne after passing through a living-cell target.
The scintillation could be detected by the system at a hit rate
of about 10 ions per second.

The development of new microbeam was carried out with
two different ion species. The microbeam of 400 MeV-Fe
is required from semiconductor radiation-tolerance study
and its diameter reached a size of around 4 pum. It was
used at very low intensity as single-ion hit in a preliminary
experiment. ~ The 320 MeV-C microbeam is under
development for use of biology study.
Acceleration of C beam by cyclotron with single-turn
extraction and transport to the HX course completed to date.

The linear

radiation
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The single-ion hits for the microscopic irradiation
experiments are performed using a microbeam of hundreds
MeV heavy ions at the TIARA cyclotron. The studies of
irradiation effects on biological cells and on semiconductor
devices are conducted with this system. Single-ion hit
position detection is essential in these experiments.

A film of CR-39 is currently used as a position detector
of single-ion hit. It is placed under the target during
irradiation. The ion tracks in the film are observed off-line
after chemical etching. This procedure takes more than an
hour. It limits efficiency of experiment in the case of
irradiation to living biological cells. Therefore real-time
single-ion hit detection is required. Various scintillators
have been tried for this purpose, however, they haven’t
worked perfectly.  So, photostimulated luminescence (PSL)
of Al,O5:C at 420 nm, which is sensitive enough to be used
as dosimeter, have been taken notice of. It is a
recombination process of trapped electron at color center
and holes at luminescent center. The wavelength of PSL is
usually  shorter than that of light.

Photostimulable samples, which are not for use of dosimeter

excitation

but of real-time single-ion hit detector, are possible to be
prepared by optimizing parameters such as the density of
implantation and the depth of ion layers.

The development of real-time single-ion hit detection
system was carried out as follows. First, phosphors were
prepared by implanting C° or Eu' ions into o-ALOs.
Second, the system was assembled and its detection
sensitivity was tested. In order to search optimal density of
C" in ALO; Ion Beam Induced Luminescence (IBIL)
system was installed in the beam line and prepared
phosphors were analyzed.

Real-time single-ion hit detection system
1. Preparation of phosphor

It is necessary for preparation to investigate how the
luminescent intensity depends on the implantation density
and the depth of ion layers. Ions of C" or Eu’ were
implanted in a-AlL,O; with the density from 1.0 x 10" to
1.0x 107 em™  In order to enlarge the depth distribution of
ions, the ions was implanted at 350 keV and 300 keV for
multi-layer. After implantation, the samples were annealed
at 800 °C to diffuse implanted ions for an hour.

2. Assemble and performance test
The detection system was assembled with the prepared
phosphors, band pass filter, LED with 530 nm as excitation

light, air-cooled CCD camera (Hamamatsu, C488050-26A)
and Image Intensifier (Hamamatsu, C8600). The phosphor
was set in the vacuum chamber at the microbeam line of the
TIARA tandem accelerator. The LED was used to excite
trapped electrons to conduction band for emission of PSL at
420 nm. A band pass filter was placed in front of the CCD
camera to cut off unnecessary light from LED.

Test of detection sensitivity was carried out using
scintillators of ZnS:Ag and AL,O;:C. Ion of 3 MeV-Ni'
was selected because its linear energy transfer is equal to
that of 260 MeV-Ne’" when it get into the phosphor after
penetrating biological cell and CR-39. The system
detected scintillation at a hit rate of higher than 10 ions per
second from ZnS:Ag and thousands ions per second from

the multi-layer Al,O5:C.

IBIL system

The IBIL system was installed in the beam line of the
TIARA single-ended accelerator. The system consists of
an aspheric optical micro-lens, a glass optical fiber of
1,000 pm
PMA-11) and a photo-multiplier tube for photon-counting.

in diameter, a spectrometer (Hamamatsu,

Luminescent response of the system was calibrated by
scintillators of ZnS:Ag, YAG:Ce and CaF,:Eu. The IBIL
spectra of Al,O5:C for three cases of C° density were
They had peaks of 326 nm and 415 nm
corresponding to F and F center, respectively (Fig. 1).

obtained.

Each Spectrum had acquired using 3 MeV-H' microbeam in

5 minutes.
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Fig. 1 Al,0O5:C spectrum obtained by IBIL system.
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In the past few years, the formation of a beam with a
uniform transverse intensity distribution by means of
nonlinear focusing of multipole magnets was explored using
proton beams at the TIARA cyclotron ™. The successful
experimental results have motivated us for further research
and development (R&D) on the uniform-beam formation
with heavy ions toward applications to material and
biological research at TIARA.

In order to conduct the R&D systematically with
heavy-ion beams, a versatile experimental chamber was
designed, fabricated and installed at the end of the LB
The chamber consists of two parts as shown in
Fig. 1: One is a main target chamber on the beam axis,
equipped with several flanges designed for different types of
beam diagnostics and sample irradiation. The other is a
small side chamber mounting a 22-sheet sample changer,
which enables us to load/unload samples (radiochromic
films, thin membranes, etc.) readily without affecting
vacuum in the main chamber. The whole of the chamber is
settled on a linear motion guide and movable in the beam
direction so that the target position can be readily changed
for in-air irradiation and installation of diagnostic devices
downstream of the chamber. In the side chamber, the
degree of vacuum on the order of 10™* Pa, which is required
for irradiation, can be obtained with a 450-L/s
turbo-molecular pump in one or two hours (if samples are
sufficiently pre-degassed). The sample can be exchanged
on the target position within one minute by the motor-driven
changer controlled through a LabVIEW program.

In parallel with various activities to make the chamber
available, an experimental beam study was also conducted
using a few kinds of heavy ions. Beam conditioning, i.e.,

course.

obtaining a smoothed Gaussian-like beam using multiple
Coulomb scattering by a thin foil, is the first necessary step
toward realization of a large-area uniform beam since the

Fig. 1 Experimental chamber installed in the TITARA LB
course. (a) Outside, (b) Inside of the main chamber,
(c) 22-sheet sample changer in the side chamber.

beam profile from the cyclotron is usually very complicated
and this is an obstacle to forming a uniform beam with
multipole magnets. Therefore, the kinetic energy loss and
charge state transformation due to multiple scattering of the
heavy-ion beams were investigated. Three different kinds
of thin foils (Al, Ti and Cu of 2~3 um thicknesses) were
tested for a 520 MeV “Ar'*" beam. For each foil, the loss
ratio of the beam energy is estimated at 1~2% (5~10 MeV),
which is much larger than that of a 10 MeV H' beam. The
charge state ¢ of the beam is also changed. It was found,
by analyzing with a dipole magnet, that the charge state of a
large part of the Ar ions changed to ¢g=17 and 18. For a
450 MeV '"PXe®* ion, by a 1.5-pm-thick Al foil, the beam
energy was reduced down to about 400 MeV and the charge
state was widely distributed around g = 35. Only one
charge state of the beam can be transported down to the
Thus, large reductions of
kinetic energy and intensity are unavoidable in multiple
In order to make the energy
reduction as small as possible with a given scattering effect,

target through bending magnets.
scattering of heavy-ion beams.

a thinner foil of a larger atomic number appears to be
desirable. Further experiments are needed to optimize foil
specifications and conditioning effects, considering easiness
on handling a thin foil and its durability.

For effective beam conditioning, the scattering foil
should be inserted in the location of the beam line where the
beam envelope does not have a waist and thus is large. In
addition, we have found that the degree of the conditioning
depends on the beam-optical condition. To suppress these
optical dependences and thus generate a highly
Gaussian-like beam, a double scattering method has been
proposed, where the beam is scattered at two different
locations along the beam line”. Employing this technique,
it is expected that the uniformity of the beam focused by
multipole magnets can be improved.

Note that these multiple-scattering techniques are not
limited to obtaining a uniform beam, but useful in obtaining
a clear round beam spot on the target.
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A unique micro-processing technique for epoxy resin
films has been developed at the TIARA, utilizing the ion
beam writing with multiple energies of light and heavy ion
beams". In previous report, to avoid the problems of lying
down, distorting and flowing away on fabrication of wire
structures, stringing a wire array between a frame structure
and the substrate was demonstrated by the spot pattern
writing with 1,000 hits/spots of 260 MeV 2°Ne’*, aiming the
bridge structures fabricated by the writing with 0.5 and
3 MeV H' beam. However, there was a problem as that the
wires were sticking to neighbor wires and bending, due to
drive a surface-tensions effect caused by the solvent at the
developing and drying. In this study, a superimposing with
the H™ beams and 520 MeV “°Ar'*", of which transfer
energy to induce the curing reaction for epoxy resin is
estimated to be three times larger than that of 260 MeV
PNe’*, was tried to fabricate a detached wire array strung
under the bridge girder.

The target samples were fabricated by coating SU-8
epoxy gel with 20 um thickness on an epoxy resin sheet
cured by irradiating electron beam 0.5 MeV or ®Co gamma
ray in advance to promote the bond of fabricated structures.
The ion beam writing was performed with a procedure
shown in Fig. 1. At first, a bridge piers and girders were
writing with focused proton beam with the energy of 0.5 and
3 MeV, respectively. The next, spot pattern writing with
5 pum pitch was performed in the air by the single ion hit of
520 MeV “°Ar'*" aiming the girder. The one point of the
left is 500 ions/spots, the other points are 100 ions/spots.
After a baking at 95 °C for 1 minute, developing and drying
with low surface tension was performed with supercritical
CO, at 12 MPa, 40 °C, using a supercritical rinser & dryer,
SCRD6, Rexxam Co., Ltd. The fabricated structures were
observed using a SEM with multiple detectors, ERA-9000,
ELIONIX Co., Ltd. As the result, optical traces of
520 MeV “°Ar'*" hitting can be observed at the aimed points,
as shown in Fig. 2(a). Under the middle part of the bridge,
structures like a wire and a fin were formed between the pier
and the substrates shown Fig. 2(b). The fin formed by
Ar'*" hitting with 500 ions/spots was peeled from the
substrate. A wire formed by the hitting with 100 ions/spots
was attached at the bottom of the fin. At just middle of
girder, neighbor wires were gathered to be strung between
the girder and the substrate. The cause of the bending and
the gathering are considered to be a softening of the

structure by the infiltration of the solvent, and some driving
forces at the developing and the drying. In the next time,
more rigid girder will be fabricated and the developing and
drying method will be improved.

Reference
1) K. Takano et al., JAEA Takasaki Ann. Rep. 2009 (2011)
170.

Cross section

Top view
(a)

HHHH

T
T
1T

O

Fig. 1 Scheme of the ion beam writing for wire array
supported by bridge structure. (a) writing of the
pier patterns with 3 MeV H' beam. (b) writing of
the girder with 0.5 MeV H' beam. (c) spot pattern
writing with 520 MeV “Ar'*".  Open and filled
circles in the left of (c) denote the hitting number of
500 and 100 ions/spots, respectively.

30 pum

Fig. 2 Images of the bridge structure strung the wires.
(a) is top view taken with a microscope, and (b) is
cross section taken with SEM.
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Electroforming of Ni Mold Using High-aspect-ratio

PMMA Microstructures Fabricated
by Proton Beam Writing

Y. Tanabe a), H. Nishikawa a), T. Satoh b), Y. Ishii ® and T. Kamiya b

b

? Deg)artment of Electrical Engineering, Shibaura Institute of Technology,

Proton Beam Writing (PBW) is a direct-write technique
using focused beam of MeV protons. The PBW has
several advantages in comparison with other techniques®.
We can expose and develop typical resists such as PMMA
(polymethylmethacrylate) and SU-8 to fabricate high
aspect-ratio structures’*?. We report on Ni electroforming
using high-aspect-ratio PMMA microstructures by PBW?,
so that the Ni microstructures can be used as a mold for
imprint lithography.

The PMMA mother was fabricated by PBW with beam
energy of 1.0 to 3.0 MeV on 15-pm or 30-pm thick PMMA
on Cu substrates, either using a microbeam line of the
Takasaki Ion Accelerators for Advanced Radiation
Application (TIARA), or using a dedicated PB (proton
beam) writer at the Center for Flexible Micromachining,
Shibaura Institute of Technology (SIT). After the exposure
to PB, the PMMA samples were developed with IPA
(isopropyl alcohol)-water (7 : 3) for 20 min and rinsed in
deionized water >,

There are several issues to be addressed in the fabrication
process of the high-aspect-ratio Ni mold. First, with
increasing thickness of the mother PMMA, we found a
problem in the development caused by residue on the
PMMA mother. Figure 1 shows SEM images of PMMA
mother after exposure and development by PBW at 3.0 MeV
with different fluences of (a) 150 nC/mm’ and (b)
500 nC/mm® The residual PMMA can be seen in the
exposed lines from Fig 1 (a), while the development is
successful in Fig 1 (b). This can be explained by effect of
the increased PB fluence to promote the chain scission of the
PMMA molecules and further dissociation by developer.
Second, we found defects in the form of voids inside Ni
molds for larger thickness of PMMA mothers on Si
substrate with a seed layer after development formed by Au
sputtering>®.  Such phenomenon was avoided by using a
seed layer placed only at the bottom by replacing Si
substrate with a 600-um thick Cu substrate. This type of
seed layer only permits the bottom-up growth of Ni.
Figure 2 shows the result of Ni electroforming with 30-um
PMMA mother on the Cu substrate. Despite with the
structure with an aspect ratio of 30, no voids can be seen in
the cross section revealed by a FIB (focused ion beam)
milling.

We performed a trial to use the electroformed Ni as an
imprint mold. Figure 3 (a) shows a Ni mold with a grid
and circle pattern fabricated using a 15-um thick PMMA on
a Cu substrate. The front surface of the Ni mold is rough,
since the mechanical polishing step of the surface was

Department of Advanced Radiation Technology, TARRI, JAEA

.

(a) )
Fig. 1 SEM images of (a) 30-um thick PMMA by
PBW at 3.0 MeV with a fluence of 150 nC/mm?, and
(b) 30-mm thick PMMA by PBW at 3.0 MeV with a
fluence of 500 nC/mm?.

Fig. 2 SEM image of 30-pm thick Ni line structure by
electroforming with a high-aspect-ratio PMMA
mother on a Cu substrate fabricated by PBW at
3.0 MeV. The cross section was revealed by FIB
milling.

(a) (L))
SEM images of (a) 15-um thick Ni mold
structure using a PMMA micromachined by PBW at
1.0 MeV and (b) 180-um thick PMMA film after
thermal imprint by LTNIP-5000 at 140 °C with a
pressure of 2,000 N.

Fig. 3

skipped. The Ni sidewall roughness is smooth as expected
from the straight trajectory of MeV protons. Figure 3 (b)
shows the result of imprint with the Ni mold on a PMMA
film. We succeeded in thermal imprint without damages
on the Ni mold even after many times of trials. Further
trials using a Ni mold with a higher aspect ratio are in
progress.

References

1) F. Watt et al., Mater. Today, 10, 6 (2007) 20-29.

2) N. Uchiya et al., Microsystem Tech. 14 (2008)
1537-1540.

3) Y. Seki et al., Microsystem Tech. 86, (2009) 945-948.
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Calibration of Beam Profile Diagnostic Utilizing

Back-Scattered Particles for Laser-driven Ions

H. Sakaki ?, Y. Fukuda ®, M. Kanasaki ”, T. Yamauchi®, T. Hori ¥, M. Tampo ?,
K. Kondo?®, S. Kurashima ® and T. Kamiya

% Kansai Photon Science Institute, JAEA, ® Faculty of Maritime Science, Kobe University,
2 Department of Advanced Radiation Technology, TARRI, JAEA

In recent years, laser-driven acceleration systems have
generated beams with energies up to tens-MeV ions" from
laser-plasma interaction. These ions are combined with
X-ray and high energy electrons. The diagnostic most
using for these ion beams is the CR-39 detector that has a
characteristic of an effective way for ions detection under
It is useful diagnostic of these ions in
which a profile of ions are accelerated.

However, the directly-detectable limit (un-etchable track)

these conditions.

of the CR-39 detector is “He*" ions with energy of 10 MeV/n.

In the diagnostic of energies up to tens-MeV ions, it is
necessary to develop the new diagnostic method with the
CR-39 detector.

According to PHITS code D the back-scatterer is put
behind the 0.1 mm thickness of CR-39 detector, when up to
20 MeV/n ions are generated, the secondary particles are
detected by it on the rear surface of the CR-39 detector.
To measure the energies up to tens-MeV ions with the
CR-39 detector, we proposed utilizing these back-scattered
particles which are generated by the ion beam injection
towards the detector. It is important to be calibrated
between the number of injection ions and backscatter
particles for the measuring of these ions profile. The
irradiation for the calibration of the CR-39 detector
conducted at TIARA.

CR-39 detectors used in this study were BARYOTRAK
(nominal thickness is 0.1 mm). And an acrylic sheet is
selected as a scatterer to generate the back-scattered
particles. The CR-39 detector is put on the acrylic sheet of
3 mm thickness that is piled up on the teflon sheet of 2 mm
To reduce the influence of the background
particles, the 6 um aluminum filter is set up on forward of
the CR-39 detector. The *He®" beam from AVF cyclotron
transported to the 3rd heavy-ion irradiation room in TIARA
and the detector was irradiated with this beam. The beam
energy (6.25 MeV/n, 18.75 MeV/n, and 25 MeV/n) and
irradiation ions number (105, 10%, 107, and 108) are changed
as the calibration parameters.

Figure 1(a) is the beam profile measured by the imaging
plate. This profile was obtained by the ‘He’” beam
irradiation directly. Figure 1(b) shows the beam profile by
the spatial distribution of the etch pit with the
back-scattering particle on the rear surface of the CR-39

thickness.

detector. The distribution of the etch pit on the rear side is
corresponding to the intensity distribution of the beam
measured by the imaging plate.

The the CR-39 detector with back-scatterers will enable
to diagnose in the high-energy ions profiles. It turns out
that most of etch pits on the rear surface are made by the
back-scattered particles by investigating the growth pattern
of each etch pit with multi-step etching technique.
This method allows simple diagnosis of the ion beam profile
and intensity distribution in mixed radiation field such as
laser-driven ion acceleration experiments. The calibration
parameter for this technique is being constructed with the

detailed analysis now.

References
1) Y. Fukuda et al., Phys. Rev. Lett. 103 (2009) 165002.
2) K. Niita et al., Radiat. Meas. 41, (2006) 1080.

20

18-

(a)

Fig. 1 Radial intensity distribution of *He®" ion beam
recorded on the imaging plate (a), and comparable
spatial distribution of etch pits on the rear surface of

the CR-39 detector (b) from the view of beam axis.
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Microbeam
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% Materials Science Research Division, QuBS, JAEA,
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We have developed micro machining technique to manufacture microscopic devices using proton scanning microbeam.
A line&space test-chart for spatial resolution measurement on neutron radiography and a fine jigsaw puzzle are successfully
created.
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Spin-Polarize Positron Beam Based on ®Ge-"*Ga

Source Produced by Cyclotron

A. Kawasuso, M. Maekawa, Y. Fukaya, A. Yabuuchi and I. Mochizuki

Advanced Science Research Center, JAEA

For realizing a highly polarized positron beam for the study of spin-electronics materials, we are currently producing a
positron source (¥*Ge-**Ga) using the “Ga(p, 2n)*®Ge nuclear reaction. Owing to the relatively long half-life, the source

strength can be increased by repeating proton irradiation annually (once in one to two months).

So far, the total proton

irradiation amount is 361 pA h and the last source strength is 140 MBq. Using this positron source, we succeeded to

generate an electrostatic positron beam.
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Fig. 1 Measured activity of the **Ge-*Ga source

(filled circle) and anticipated activity from the
given machine time (straight line).

FCEMRLTEBETTRIEEZHWNT, BEL L AHR
IZ L DEF v — L3 EZ AT, Figure 2 (38— A%
OB CTH 5, BB D S iz 5E
Tix, X AT URMOBEMICEAS T, RS
NI BB T 2§ B3 & 0 IR - IR 5 A
Lo TW5D, Figure 3 1d, 2D X I LT LB
BTE—LE~vA 70T ¥ 32T L— MTXDBIE
L7zt Thsd, ZOBEFE—LT7T v 7 AL 1.5 %
10 BEF W Thotz, ET-FEELREDTETA
EURMRAZRE L& 2 A,40~50%ThHh 5 = L5y
Motz, THIFHERR SN TWS PNa 2 W THEAE
L7EBETE— 2 ORAE U EHREL LRI O TH D,

Stk EnlTm b UOREERYIRT Z L THE
B AEHR L, R EBIEERESCRE A v R
EOMRITIGH L TITS PETH 5,

o]

58Ge-68Ga
source

Fig. 2 Schematics of the positron beam generation part.

Fig. 3  Positron beam image obtained with the
%8Ge-%Ga source and the above system.
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Improvement of a Positron Gun

Suitable for Intense Microbeam Production

M. Maekawa, A. Yabuuchi and A. Kawasuso

Advanced Science Research Center, JAEA

Employing a positron microbeam, spatial distribution of
positron annihilation near subsurface region can be obtained.
We have already developed a positron microbeam by
fabricating a small source which is suitable for the positron
microbeam production'?. The positron source of 55 MBq
2NaCl was deposited into a 2 mm-diameter hole on a
tungsten-copper block and sealed by a Ti window.
Because of its limited source activity, the beam intensity
was 1x10% e/sec.
needed for further experiment using the positron microbeam.

An enhancement of source activity is

We have thus fabricated a new positron source having much
higher activity than that of the previous one.

Figures 1(a) and 1(b) show the schematics of the
previous and new source capsules, respectively. Figure
1(c) shows the picture of the new capsule. The **NaCl
source of 330 MBq could be put into the source deposition
area using an automatic deposition system shown in Fig. 2.
In this system, the **NaCl solution injected into a

micro-syringe was sequentially dropped into the well. The

(@ (b)
6=4.3mm Cone depth ¢=4.5mm  Cone depth
t=2mm t=8mm
—>| oE had

| 4

/
Solid neon
growth area

Source deposition area ¢=2mm

Fig. 1. (a)(b) Schematic of the old-type and new-
type source capsule and (c) picture of the new
positron gun.

syringe pump and the positions of syringe and capsule were
remote-controlled by the computer.

Fast positrons emitted from the source 2?Na were
moderated by the solid neon film® grown on the source
window and surrounding cone shown in Fig. 1(b). The
cone shape and depth were determined from a beam
simulation.

Consequently, the beam intensity is enhanced to be
1 x 10° e'/sec, which is 10 times greater than before.
Normal beam diameter was 10 um. For the scan area of
100 x 100 pm by 10um step, total measurement time is
estimated to approximately 3 hours.
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Fig. 2. (a) Schematic of the automatic deposition system,

(b) picture of the syringe pump and (c) picture of the
tip of micro syringe
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Feature in FY2010, Utilization Status and Beam Time

Proportion at TTARA Facility

K. Mizuhashi, H. Takizawa, M. Hosono, K. Nishimura,
Y. Nakamura, S. Kaneya, S. Mochizuki, T. Asai, M. Kawabata and K. Daikubara

Department of Advanced Radiation Technology, TARRI, JAEA

1. Feature in FY 2010
Fiscal year 2010 was greatly affected by the power of
nature. In Takasaki region, the thunderstorm was

frequently generated due to high temperature during summer.

The electric power failure occurred four times because of
lightning. The reactivation of facilities for about three
hours was executed at each power failure. The severe
carthquakes occurred all over the world in 2010. The
regions where the main earthquake occurred are Sumatra,
Chile, Taiwan, Turkey, China and New Zealand etc. In
Japan, the great earthquake of magnitude nine occurred on
11th March 2011. A lot of aftershocks occurred after the
great earthquake, and the check of the radiation facility was
carried out after the earthquake of the 4th degree or more on
the seismic scale. The damage of TIARA facilities due to
the great earthquake was relatively. The lock mechanism
of the radiation shielding door (weight; 55ton) of cyclotron
room was broken, as the door moved due to the earthquake.
Two turbo-molecular pumps for the beam line and the
experiment chamber were broken. A neutron collimator
that made of iron (weight; 9.3 ton) for the neutron shielding
experiment (LC0) had moved. As for four accelerators at
—_—— TIARA facility, there

[ it was no problem at all.

But the TIARA facility
was stopped from 11th
March to 30th April due
to the earthquake.
There were a lot of
influences from nature,
but TIARA facilities
well operated excluding

Fig. 1

. Neutron experiment . ahove  mentioned
Flevwe. The.brown Square  ,roblems in fiscal year
in the wall is the neutron 5010

collimator.

2. Utilization Status

The feature in fiscal year 2010 was that we got the
Global Nuclear-Human Resource Development Initiative
budget. The electrostatic accelerators and the cyclotron
have increased the experiment days owing to this budget for
the students etc. And the TIARA facilities were used by a
lot of students etc. for the personnel training.

Change of number of visitors for experiment at TTARA
facility as a function of fiscal year is shown in Fig. 2. The
year when the number of researchers and the number of
research subjects became the maximum was 2005. Both
numbers show tendencies to decrease after 2005.

However, it seems that the decreasing tendency of the
number of researchers stopped in 2010. The number of
visitors for the research in 2009 and 2010 were 781 and 824,
respectively. On the other hand, the number of research
subjects still shows a tendency to decrease in 2010.

140
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Fig. 2 Relations between numbers of research visitors
and research subjects at TIARA.

3. Beam Time Proportion

Four accelerators were used for various research subjects
according to operation plan in fiscal year 2010. The
proportion of the beam time used in the fields of research is
shown in Fig. 3. The total of utilization time of the AVF
cyclotron and the electrostatic accelerators in fiscal year
2010 was 2,454.5 hours and 482 days, respectively which
were offered to the experiments. The highest of proportion
at the cyclotron was for the field of Biotechnology-Medical
application, 30.4%. At the electrostatic accelerators, the
highest of proportion was for the field of the Basic
technology, 40.9%. The proportion for the field of RI
production-Nuclear science was 11.4%. This ratio is 28.5
times of last year’s value. This is because the generation of
positron-emitting radionuclide (**Ge-*Ga) was begun with
the cyclotron for the positron annihilation experiment. The
total proportion of “the common use” and “the promotion
use” was 9.8% at cyclotron and 7.3% at electrostatic
accelerator, respectively. These values were within 20% of
the total beam time which is provided as “the common use”
and “the promotion use” at the TIARA facility.
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Use rate (%o)
A: Common use/Promotion use, B: Basic technology,
C: Organic material/Radiation chemistry,
D: RI production/Nuclear science, E: Inorganic material,
F: Bio technology/Medical application,
G: Material for nuclear, H: Material for space.

Fig. 3 Proportion of the machine time used for the
fields of research.
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Operation of the AVF Cyclotron
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Operation

The AVF cyclotron was smoothly operated in fiscal
2010 and all the planned experiments were carried out
without cancellation due to machine troubles relating to the
cyclotron. The cumulative operation time was
62,878.3 hours and the total number of experiments was
8,719 from the first beam extraction in 1991 to March 2011.

Table 1 shows the statistics of the cyclotron operation of
fiscal 2010. The total operation time amounted to
3,343.6 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 74.7%, 6.4%, 17.1%, and 1.8%,
respectively. The extended operation from Friday evening
to Saturday evening was carried out twelve times after
October on the Global Nuclear-Human Resource
Development Initiative.

Table 1 Statistics for cyclotron operation.

Beam service time 27123 h
Machine tuning 571.6h
Beam development 59.7h
Total operation time 3343.6 h
Change of particle and/or energy 234 times
Change of beam course 283 times
Change of harmonic number 55 times
The number of experiments 594
Experiment cancelled due to machine trouble 0
Experiment cancelled due to Earthquake 16.2h

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. Fractional distribution of major ions used
for experiments is shown in Fig. 2. The tendencies of the
statistics are similar to those of the past years.
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400 1 I Maintenance of
O Exper iments power supplies i
— laintenance

350 B Facility use program 1
= 300 7f7DBeam deve | opment 1 || L |
° OTuning v
E
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s Maintenance
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Fig. 1 Monthly operation time.

Table 2 Operation times of ion sources.

Ion source Operation time(h) | Ratio(%)
Multi-cusp 1079.2 29.5
ECR (OCTOPUS) 1071.0 29.2
ECR(HYPERNANOGAN) 1512.6 41.3

Others
0.7%
Metal

Cocktai |

4. 4%
Xe
4.1%
Kr
0.2%
He
6. 4%
Fig. 2 lon species used for experiments.

Damage by the Great East Japan Earthquake

The radiation shielding door of the cyclotron vault was
slightly moved by the earthquake with break of its lock pin.
The interlock due to this failure stopped the cyclotron
immediately. A turbo molecular pump for the injection
system broke as well. They are all the damage by the

carthquake.
Maintenance

The regular yearly overhaul and maintenance were
carried out. The major items were as follows:

1) Correction of the reference positions of some beam
probes, the inflector, etc. 2) Replacement of the sequence
controllers for inflector and cooling system. 3) Inspection
of the RF system and evaluation of its characteristics.
4) Change of lubricating oil for about 50 rotary pumps.
5) Routine maintenance of the power supplies.

Technical Development

The new beam acceleration tests were carried out for
190 MeV "“N°" and 490 MeV 'Xe?*, and they are ready
for use in experiments.

A large experimental chamber was installed in the LB
course to develop the large-area uniform irradiation
technique using nonlinear force. The detail is described
elsewhere in this annual report.

Reference
1) ‘FACILITY USE PROGRAM in Takasaki Advanced
Radiation Research Institute’ in this annual report.
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5-3 Operation of the Electrostatic Accelerators
T. Agematsu a), S. Uno a), A. Chiba a), K. Yamada a), A. Yokozama a), Y. Saitoh a),
Y. Ishii a),T. Satoh a), T. Ohkubo a), W. Yokota a), T. Kitano ), T. Takayama b),

S. Kanai b), T. Orimo b), Y. Aoki® and N. Yamada ¥

2 Department of Advanced Radiation Technology, TARRI, JAEA,
® Beam Operation Service, Co., Ltd

1. Operation and Status

Three electrostatic accelerators were operated smoothly
in FY 2010, and all the planned experiments were carried
out except those canceled by users or the impact of Great
East Japan Earthquake on March 11, 2011. The
accelerators were not operated after the earthquake in the
month. The numbers of the canceled experiments after that
day were 7, 7 and 4 for the tandem accelerator, the
single-ended accelerator and the ion implanter, respectively.
On the other hand, Saturday operation of ten days for
experiments was carried out after October on the Global
Nuclear-Human Resource Development Initiative.  The
yearly operation time of each accelerator consequently
amounted to 2,116, 2,367 and 1,800 hours respectively,
similarly to past years. Saturday operation of ten days for
experiments after October compensated for the loss of
operation days by the earthquake. A total operation time of
each accelerator since operation started was 34,538, 39,231

and 30,675 hours, respectively. The monthly operation
time is shown in Fig. 1. Ion species used for experiments
in FY 2010 are also shown in Fig. 2.

2. Maintenance and Trouble Shooting

The number of troubles was smaller than that for average
years. There was no trouble by the earthquake. Major
maintenance performed in FY 2010 is as follows;

Tandem accelerator: There was no trouble of accelerator
leading to cancelation of experiments. Minor repair and
scheduled maintenance were carried out. The bearings and
the sheave of the pellet chain were replaced to new ones at
scheduled maintenance.

Single-ended accelerator: There were two troubles of
accelerator leading to cancelation of experiments, as next
ones. The generator in the high-voltage terminal failed,
and it was changed to new one. The cap for spark

prevention near the RF electrodes tripped, and high-voltage

300 — : could not be kept. It was repaired.
T 250 Wtandey W single~ended  Climplanter Ion implanter: There was no trouble of accelerator
o - - B . . . . .
§ [ leading to cancelation of experiments. The switching
”;E;' 200 magnet for new beam line was made and installed.
= 150
8 3. New Beam Development
o
g 100 As to the ion implanter, 400 nA ion beam of Gd which is
S 50 requested by user was generated by oven method, and used
to the experiment. But its intensity lasts only for several
0 . .
4 5 6 7.8 9 1011 12 1 2 3 hours, which needs to be improved.
Month As to the tandem accelerator, ion beam of In was
successfully generated and accelerated at intensity of
Fig. 1  Monthly operation time of each 500 nA.
accelerator in FY 2010.
(Be,Al,Si,Ti,Zr,Mo) (LiB,*N,O.Mg,ALV.Cr,
g}/her H 7% Fe.Ni,Ge,Ag,Xe,La,Pt,Cr)
2 Other H 22%
He N
oo 25%
Cluster °
23% c c
6% 4%
N
6% N
AL 3% o c60 5%
5% 18% Si 5%
Ni o e P 5%
7% Fe 10% Bi 4% Ar 5%
10% Eu 7%
Tandem Single-ended Implanter
Fig. 2 Ion species used for experiments in FY 2010.

- 173 -



JAEA-Review 2011-043

5-4

Operation of the Electron Accelerator and

Gamma-ray Irradiation Facilities

Y. Haruyama ¥, H. Hanaya”, R. Yamagata”, H. Seito® , Y. Nagao ¥, H. Kaneko ),
T. Yamaguchi b), N. Yagi b), M. Takagi b), I. Kawashima ® and S. Matsuzaki

2) De})artment of Advanced Radiation Technology, TARRI, JAEA,
® Radiation Application Development Association, RADA

1. Operation

The electron accelerator and gamma-ray irradiation
facilities have been operated without serious troubles before
the earthquake happened in March 11, 2011. These
were, however, stopped with concern about the earthquake
damage, for 13 and 20 days, respectively.

1.1 Electron accelerator

The electron accelerator was on service as scheduled in
9:00~17:30 on Monday and Friday, and in 8:30~23:00 on
Tuesday to Thursday until September. It was on service in
8:30~23:00 on Monday through Friday since October, to
satisfy demand of operation time for users.

The annual operation time of the electron accelerator, as
shown in Fig.1, is 1,065.2 h. The total operation time of
the accelerator in FY2010 increased by about 12%
compared with that in FY2009, and analysis of the number
of research subjects indicated the increase of longer-time
irradiation for material as space subject. The increase is
due to the installation of system named as Global
Nuclear-Human Resource Development Initiative, aiming at
skill-up of young researchers and engineers.

The accelerator served mainly for graft-polymerization
for new material development, radiation effect study on
semiconductors and various experiments of visiting users.

Electron accelerator
1200
_ looo
=,
a2
g 800
=
=
= 600
=3 I
—
2 I
o W I
|
201 I
|
0 I el
2006 2007 2008 2009 2010
Fiscal year
Fig.1 Annual operation time of the electron accelerator.

1.2 Gamma-ray irradiation facilities

The Co-60 gamma-ray irradiation facilities consist of
three buildings and cover a wide dose-rate range from
0.04 Gy/h to 20 kGy/h with eight irradiation rooms. The
annual operation times for the first, second cobalt irradiation
facilities and food irradiation facility are 20,691 h, 9,981 h
and 7,076 h, respectively, as shown in Fig. 2. The first
irradiation facility served mainly for radiation-resistance
testing of cables used in nuclear power plants and various

materials used in J-PARC and nuclear reactor facilities with
long irradiation period. The second irradiation facility
served mainly for development of new functional materials
and other research subjects of visiting users, involving
irradiation room No.6 operated as hourly scheduled. The
food irradiation facility served mainly for development of
detection method for irradiated foods and radiation
resistance testing at lower dose rates.

Gamma-ray irradiation facilities

25000
— 41 77 - ]
£ 20000 7 = —‘
5 15000 -
15 : B
=] b
S 10000 g
i 8
5] 8
& 000 - % 4
=
2006 2007 2008 2010
Fiscal year

OFirst facility Second facility EFood facility

Fig. 2 Annual operation time of Co-60 gamma-ray
irradiation facilities.

2. Maintenance
2.1 Electron accelerator

The operation of the accelerator was stopped for 10 days
in October, 2010 because of periodical maintenance check
on accelerator body, the conveyor and doors of the
irradiation room and repair of a SF4 gas withdrawal system
with the accelerator.

2.2 Gamma-ray irradiation facilities

The periodical maintenance check mainly on a
mechanical system for radiation source transportation has
been performed every three year among three gamma-ray
irradiation facilities one by one. The periodical check
mainly on an interlock system has been performed two times
a year for all the facilities.

The maintenance check of the food irradiation facility
was done in July 2010, with 21 days interruption.

Co-60 sources were purchased and loaded to the
irradiation room No.6 in the second irradiation facility and
No.2 in the food irradiation facility to increase total
activities. The old waste sources of 45 pieces were
disposed through The Japan Radioisotope Association
(JRIA).
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Utilization of the Gamma-ray Irradiation Facilities and

Electron Accelerator

H. Kaneko®, Y. Haruyama ®, H. Hanaya

Y R. Yamagata®, H. Seito ¥, Y. Nagao®

T. Yamaguchi b), N. Yagi b), M. Takagi b), I. Kawashima ® and S. Matsuzaki ®

% Department of Advanced Radiation Technology, TARRI, JAEA,
% Radiation Application Development Association, RADA

Three gamma-ray irradiation facilities and an electron
accelerator were operated for various research subjects
according to the operation plan in FY 2010 without serious
trouble. Utilization was stopped until the end of the fiscal
year due to inspection etc. after the earthquake occurred on
March 11. Figure 1 shows irradiation time and the number
of research subjects in each research field at each facility.

Figure 2 shows the number of research subjects in each

Gamma-ray Irradiation Facilities

mmmmm number of research subjects
=== [rradiation time

Number of research subjects
Irradiation time (h)

Fig. 1

Gamma-ray Irradiation Facilities
1200

OFacility use program
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BResource & Bio-
technology
800 OBasic technology

600 O Environment

ONuclear facilities
400

OMaterials for space

200 ) i
B Heat-resist material

Number of research subjects

0 - !
2006 2007 2008 2009 2010

Fiscal year

Fig.2

research field at each facility from FY 2006 to 2010. The
number at gamma-ray irradiation facilities increased in the
field of environment and basic technology, and decreased in
the field of materials processing and resource &
bio-technology. The number at the electron accelerator
increased in the research fields of materials for space, and
decreased in the field of materials processing and joint use.

Electron Accelerator
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Irradiation time and the number of research subjects in FY 2010.
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The number of research subjects (FY 2006-2010).
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FACILITY USE PROGRAM in Takasaki Advanced

Radiation Research Institute

Y. Fukuta, D. Nogami and K. Watanabe

Department of Advanced Radiation Technology, TARRI, JAEA

1. Introduction

The facilities of JAEA are widely opened to users in
universities, public institutes, and the 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 composed of Co-60
Gamma-ray Irradiation Facilities, Electron Accelerator,
TIARA (Takasaki Ion Accelerators for Advanced Radiation
Application), and some of the oft-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
FY2010. The details of the fee are handling fees, the

irradiation fee, the expendables fee and the additional charge.

In case of Non-proprietary research, the users should report
the irradiation result to JAEA, who are exempted from the
irradiation fee. 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;mﬁc General Priority Commercial
ation case
Result Non- Proprieta

U proprietary P y
Referee Yes No
Charge* A B C

*A = handling fees + the expendables fee,
B = handling fees + the irradiation fee,
C = handling fees + the irradiation fee + depreciation.

2. Use in FY2010

There were 21 applications of Research Proposals in
FY2010 at Takasaki Institute, and 16 of them were as
Non-proprietary use. Including the users from priority case
and others, 205 applications from 60 users are accepted.
Table 2 and Figure 1 show user’s classification for each
facility and distribution of classification for FACILITY USE
PROGRAM.

FACILITY USE PROGRAM in FY2010 was stopped on
March 11,2011 by suffering from the Japan Earthquake.

Table 2 User’s classification for each facility.

User z | 2|2 % 5
o L 1l=g|l32 9o ©
Facility E g Elgzg F
S IET|S 8§
AVF cyclotron 5 1 7 13
é 3MV tandem accelerator 5 0 1
é 3MV single-ended accelerator 1 0 0
400kV ion implanter 4 1 0 5
Co-60 gamma-ray o 8 b 16 | 26
irradiation facilities
Electron accelerator 5 1 3 9
Total for each classification 28 | 5 | 27 | 60

Electron Acc
(a8) (140) (19}

TIARA Co-60 Gamma-ray

& Propristary
[0 Except R&D

B Non proprietary
Priority case

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 an outline of this system,
guidelines for applicants, format download etc. can be
found on JAEA website as follows:

http://sangaku.jaea.go.jp/3-facility/01-intro/index-02.html.

The “Project for Promotion of Shared Use of High
Technology Research Institute”, which is one of the
subsidiary project of Ministry of Education, Culture, Sports,
Science and Technology (MEXT) has been cooperated from
FY2009. 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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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 2010. The effective dose values of
almost all radiation workers were below the detection limit
(0.1 mSv).

The maximum dose was 0.4 mSv/y due to the experiment
for production and labeling of Br-76.

Table 1 Distributions of the effective dose of the radiation
workers in FY 2010.

Number of persons in each periods
persons -
Ist 2nd 3rd 4th | Total =
Items
quarter | quarter | quarter | quarter
HE < 0.1 540 567 558 587 697
Distribution range
= =

of effective dose Ol =HE= 10 4 0 4 ! 6

1.0 <HE =50 0 0 0 0 0

HE:Effective dose” | S0 <HE=150| 0 0 0 0 0

(mSv) 15.0 <HE 0 0 0 0 0
Number of persons under radiation a4 567 562 588 703

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) 0.5 0.0 0.8 0.1 14
Mean dose (mSv) 0.00 0.00 0.00 0.00 0.00
Maximum dose (mSv) 0.2 0.0 0.3 0.1 04

*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 2010.

. Ist 2nd 3rd 4th
Periods Total
quarter quarter quarter quarter
Number of persons 777 1142 1259 898 4076

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 2010.

Small amount of *'Ar, 'C, >N and '®F were detected for
some time 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 2010.

Nuclide Periods Ist 2nd 3rd 4th Total
Items quarter quarter quarter quarter
Maximum 4 4 4 4
sy, [concentration <1.7x107| <1.7x107| <1.7x107" [ <1.4x10
r
Activity | 6.6x10’ 0 9.9x10° | 2.7x10° [ 3.5x10°
Maximum 4 4 4 4
e |concentration <1.7x107| <1.7x10™|<1.7x107 [ <1.4x10
Activity [ 45x10° | 1.9x10° | 1.6x10% | 5.2x10" [ 1.3x10°
Maximum 4 " 4
iy |concentration <1.7x10 — [<1.4x107| 1.5x10
Activity [ 3.9x107| —— | 2.2x10" | 43x10" [ 4.9x10°
Maximum 4
18p concentration <1.7x10
Activity — — | 13x10®| — | 1.3x10°
Maximum 1l _10) _10) _10)
657, |concentration <6.5%107 ]<6.1x10"7|<5.7x10" "[<6.1x10
n
Activity 0 0 0 0 0
Unit : Bg/cm” for Maximum concentration, Bq for Activity.
3. Monitoring for external radiation and surface

contamination

External radiation monitoring was routinely carried out
infaround the radiation controlled areas and surface
contamination monitoring was also carried out. Neither
value of dose equivalent rate nor surface
contamination was detected.

Figure 1 shows a typical example of distribution of the
dose equivalent rate in the radiation controlled area of the
cyclotron building.

N N ePs  pg
) ) .

i K

unusual

Fig. 1 Dose equivalent rate distribution in the radiation
controlled area of the cyclotron building.
Measurement date : 8th ,9th and 29th March 2011,
Measuring position : Indicated with X 1 m above floor,
Unit : uSv/h.
(The values are not indicated if they are less than
0.2 uSv/h.)
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Radioactive Waste Management in TIARA

T. Ishibashi and T. Hosoi

Department of Administrative Services, TARRI, JAEA

1. The radioactive wastes management

The radioactive wastes generated in TIARA are managed
by Utilities
radioactive wastes are the solid wastes generated from the

and Maintenance Section. The main
research experiment and the maintenance of the cyclotron.
Other radioactive wastes are the liquid wastes such as
generated from the

experiment and the air-conditioning machines in controlled

inorganic waste fluids research

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 2010.
The main solid waste is generated from the research
experiment 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 2010. 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
Only small amounts of
concentrated liquid are generated from the evaporation.

reused in the controlled area.

Table 1 Radioactive solid wastes generated in FY 2010.
Amounts Amounts of generation in each periods (m) Number of
Ist 2nd 3rd 4th ackage
Ttems quarter | quarter | quarter | quarter Total p/ drungl
Category A* 0.32 1.01 0.42 0.20 1.95
1) Combustible 0.22 0.26 0.30 0.12 0.90 Sk
2) Incombustible 0.10 0.75 0.12 0.08 1.05 0
Compressible 0.10 0.10 0.12 0.08 0.40 3k
Filters 0 0.65 0 0 0.65 0
Incompressible 0 0 0 0 0 0
Ion exchange resin 0 0 0 0 0 0
Category B* 0 0 0 0 0 0
*  Defined by dose at the outer surface of container : (A) < 2mSv/h = (B),
** 200-liter drum.
Table 2 Radioactive liquid waste generated in FY 2010.
Amounts Amounts of generation in each periods (m3) Number of
Ttems Ist 2nd 3rd 4th Total package
quarter quarter quarter quarter /drum
Category A* 13.90 28.62 8.69 6.77 57.98
1) Inorganic 13.90 28.62 8.69 6.77 57.98 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 0 0
Category B* 0 0 0 0 0 0
*  Defined by concentrations in Bg/em® (B, y) : (A) < 3.7X10 = (B) < 3.7X10%
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Appendix 3

List of Related Press-Release and Television Broadcasting

10NP0O1  3-29

R 22 456 H 21 H LA FE, BEE TV, FM
FERG . RESEI@AE | BeocTiH . fa BB M, %
BOAT 4TI

[/NSZRD AU RAESZRNET L RISEAA BA%E |
L JIRRE - B — A BN RFIE AR
RS
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Symbol used in the Appendix 1 to 3

An example of symbol expression is written as following.

@O Number of last two orders in fiscal year
@ Kind of publication

J
C

NP:
TV:
PA:

Publication in Journal
Publication as Proceedings
Press-Release (Newspaper)
Television Broadcasting

Patent

@ Consecutive numbers for the kind of publication
@-® Paper number

@ Classification number of research field

1:
9:
3:
4:

Space, nuclear and energy engineering
Environment conservation and resource exploitation
Medical and biotechnological application

Advanced materials, analysis and novel technology

® Consecutive number every research field

® Accelerators or irradiation facilities utilized for the research

O o =Y »n a3 QA

: AVF Cyclotron

: 3 MV Tandem Electrostatic Accelerator

: 3 MV Single-ended Electrostatic Accelerator
: 400 kV ITon Implanter

: 2 MV Electron Accelerator

1 Co-60 Gamma-ray Irradiation Facilities

1 Off-line (Research without the utilization of irradiation facilities)
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Appendix 4 Type of Research Collaboration and Facilities Used for Research

Type of Research o e Type of Research . S 2
Paper Collaboration”! Irradiation Facilites Paper Collaboration " Irradiation Facilites
Number|7o; Number| 3o;
R | Ren | rew [imer | vee | €| T S| 1] E |G e | Res | Rew | mer | e | €| T[] 1] E]©
10l | @ ole] [o]e] [20 ° ©
1-02 o © 2-10 | @ ©
1-03 ® © 2-11 o ©
1-04 | @ ©|© 2-12 | @ ©
1-05 ) ©|© 2-13 o ©
1-06 | @ © © 2-14 | @ ©
1-07 [ ] Q©|©|O0|O
1-08 ®|O 3-01 o ©
1-09 [ ©] 3-02 o ©
1-10 | @ © © 3-03 o ©
1-11 ® © 3-04 | @ ©
1-12 o ©|© 3-05 o © ©
1-13 [ Ju 3-06 | @ ©
1-14 [ ] ©|© ©] 3-07 | ® ©
1-15 [ ] ©| 3-08 | @ ©
1-16 ® O] 3-09 | ® ©
1-17 ® ©f[310]| @ ©
1-18 o © -1 | @ ©
1-9 | @ O] 3-12 | @ ©
1-20 o ©| 313 ]| @ ©
1-21 [ O] 3-14 | ® ©
122 | @ ©| 3-15| ® ©
1-23 o ©| 3-16 | ® © ©
1-24 ° ol 3-17 [ ©
1-25 [ ©] 3-18 o ©
1-26 | @ © 3-19 | @ ©
1-27 ° © ©|o] 320 | ® ©
1-28 o ©|o 3-21 o ©
1-29 o ©(0|© 3-22 o ©
1-30 o ©(0|© 3-23 ® ©
1-31 ° © 3-24 o ©
1-32 o ©| 3-25 o ©|0
1-33 | @ ©] 3-26 o ©
1-34 ® ©| 3-27 o ©
1-35 | @ ©] 3-28 [ ©
1-36 ° o| |o 329 | @ ©
3-30 [ ) ©
2-01 ® © 3-31 o ©
2-02 [ ] © 332 1 @ ©
2-03 o © 333 1 @ ©
2-04 o ©| 334 | ® ©
2-05 ® © 335 | @ ©
2-06 | @ © 3-36 o ©
2-07 | @ ©| 3-37 ®O0L
2-08 [ ) © 333 | @ ©
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Type of Research o o, Type of Research o o
Paper Collaboration*l Irradiation Facilites Paper Collaboration*l Irradiation Facilites
Number| i Number|jo;
e et [T S L e P o e [ s [ e[
3-39 | @ © 4-24 [ ©
3-40 [ © 425 | @ © ©
3-41 @ © O] 426 | ® ©
3-42 o © 427 | @ ©
3-43 [ © 428 | @ ©
3-44 { ] © @] 429 | @ ©
3-45 o ©| 4-30 [ ) ©
346 | @ © 4-31 [ ©
347 | @ © 432 | @ ©
348 | @ © 4-33 ® ©
3499 | @ © 4-34 [ ] ©
3-50 | @ © 4-35 [ ©
351 | @ © 4-36 o ©
3-52 o ©| 4-37 [ ] © ©
4-38 ® ©
4-01 [ ] ©|o 4-39 [ ] ©
4-02 ®|O 4-40 [ ] ©(0|©
4-03 ®|O 4-41 o ©
4-04 | @ © 4-42 o ©(0|©
4-05 { ] © 4-43 [ ©
4-06 [ © © 4-44 o © © ©|o©
407 | @ © 445 | @ ©®|©
4-08 | @ ©|© 4-46 o ©
4-09 | @ ©|0 4-47 [ ) ©
4-10 ® © 4-48 [ ©
4-11 | @ ©|© 4-49 @®OL
4-12 ® ©
4-13 [ ] ©(0|O 5-01 ©|0|©|0
4-14 @ ©(O0|© 5-02 ©
4-15 ® ©) 5-03 ©|©|©
4-16 o © 5-04 ©|©
4-17 o ©] 5-05 ©|©
4-18 ooL 5-06 ©|0|0|0|©|O6
4-19 @OL 5-07 ©lO0|0|O
4-20 ® © 5-08 ©|0|©|0
4-21 ooL ©|0©
4-22 o ©
4-23 { ] ©]| Total |57 | 5 16 1 65 | 8 |72131]|29|27(22]|37

B 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

Com. Use : Common use based on "JAEA-facility-use"

OL : Off line (research without the use of irradiation
facilities)

*2 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 A Typical Example of Abbreviation Name for Organizations
in Japan Atomic Energy Agency (JAEA)

@ Directorate, Center, Institute, etc.

QuBS (& 1 — 20 HBFFEE ) - Quantum Beam Science Directorate
NSED (51 71 24 T8 2258F9) : Nuclear Science and Engineering Directorate
FRDD (k& #F52BA %6 45 1) : Fusion Research and Development Directorate
GIRDD (18 4L 53 1 72 B 7855 F) : Geological Isolation Research and
Development Directorate
ANSRD (KA F F13 A7 2 FEBRFEERFY) : Advanced Nuclear System Research
and Development Directorate
NCBD (/N7 = RHEREST ) :Nuclear Cycle Backend Directorate
NSRC (Z M5t 4 —): Nuclear Safety Research Center
NFCEL (BB A 27V T52F9E7T) : Nuclear Fuel Cycle Engineering Laboratories
NERCC (i /) = /u % —J s % —) . Nuclear Engineering Research
Collaboration Center
NHARC (57 777K 55 - BRI i 5t£ 2% —) . Nuclear Hydrogen and Heat Application
Research Center
J-PARC (J-PARC £>%—): J-PARC Center
TARRI (&5 &5 AR ZEFT) : Takasaki Advanced Radiation Research Institute
NSRI (57 71 RHEAF5E0T) : Nuclear Science Research Institute
ORDC (CKEAFZERE %&£ 4 —) : Oarai Research and Development Center
KPSI (B85 Y RH#Aa22FT) : Kansai Photon Science Institute

@ Division, Unit, Department, etc.

* Environment and Industrial Materials Research Division, QuBS, JAEA
(B — LIS HATFEER Y BREE - PE S BT EBA e = 1)
*Life Science and Biotechnology Division, QuBS, JAEA
(BB —2SHMFEEM &4 m ST HIrF e =>1)
*Neutron Material Research Center, QuBS, JAEA
(BB —2ue AR, i E Rt 7E 2= k)
*Neutron Technology R&D Center, QuBS, JAEA
(EFE—2IS MR PR R Bt 9t == 1)
* Advanced Photon Research Center, QuBS, JAEA
(BB —LISAFZEER, L — W — IS IR e = 1)
* Division of Environment and Radiation Sciences, NSED, JAEA
(R 71 2 TR P | 3RS - R = )
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*Division of Fuels and Materials Engineering, NSED, JAEA
(R -7 30 TR FEER P L BB A T = 1)
*Research Coordination and Promotion Office, NSED, JAEA
(-7 HERE TR ZE0 P | AT HEE =)
*Division of ITER Project, FRDD, JAEA
(EZRh & WFFEBR Y | ITER 7'y = /b= h)
*Division of Fusion Energy Technology, FRDD, JAEA
(Rl &I FEPZEHE M Rk & =L — L JEp = h)
* Advanced Science Research Center, JAEA
(Seum LT JE L 2 —)
*Department of Advanced Radiation Technology, TARRI, JAEA
(el B2~ FHAIFFEAIT | e o v FEE A1) Mt 3 500
* Department of Radiation Protection, NSRI, JAEA
R I REWPIERT, TR BEER)
* Experimental Fast Reactor Department, ORDC, JAEA
(KBERFSERHTE B2 — . i TR )
* Accelerator Division, J-PARC, JAEA
(J-PARC B & — JNHZT 4B a)
- Safety Division, J-PARC, JAEA
(J-PARC B —  ZRET4EVay)
*LWR Long-term Reliability Research Unit, NSRC, JAEA
(Zemtsits 72— BARP RIS e => 1)
*Geological Isolation Research Unit, GIRDD, JAEA
(M AL 53 T FEBR FE AR, e AL oy FARIT TR FE - = 1)
*Nuclear Cycle Engineering Department, NFCEL, JAEA
(BZRBI A 7V TP ZE T, B A 70 L5k Res)
* Plutonium Fuel Development Center, NFCEL, JAEA
(BB A2V G877V b =0 DEREHEAN B B 2 —)
* Advanced Reprocessing Unit, ANSRD, JAEA
(RMASFA T AT DFFERHFE R . IEAREALER S AT A= 1)
*Nuclear Cycle Backend Technology Development Unit, NCBD, JAEA
(N7 RHEETRP, Ny 7 2 RERBRSE 2= 1)
* Industrial Collaboration Promotion Department, JAEA
(PE ST
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